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SUMMARY.
A reliable working methodology for the reverse 
transcription (RT) and amplification of flaviviral RNA was 
established. This incorporated a low level methyl mercury 
hydroxide viral RNA dénaturation procedure. The effect of 
chemical inactivation of f laviviruses, prior to RT and 
amplification, using beta-propriolactone was also investigated.
The following regions of the structural protein genes of 
viruses of the tick-bome encephalitis (TBE) complex of the 
Flaviviridae were reverse transcribed, amplified, cloned and 
sequenced: the envelope (E) protein gene, and part of the
membrane protein gene of the Central European subtype, strain
Kuralinge A52 (CEE Kumlinge) virus; the majority of the E
protein gene of Turkish TBE (TTE) virus ; and part of the
structural protein coding regions of Langat virus strains TP21 
and TP64 (LGT TP21 and TP64).
The E protein gene of CEE Kumlinge virus was found to 
differ from another CEE strain, CEE Neudoerfl virus, by a 
single amino acid, although the viruses were isolated 12 years 
apart, in different countries. The possibility of the 
existence of strong selection pressures against antigenic 
variation is discussed. Furthermore, the amino acid 
substitutions in the attenuated LGT TP21 and TP64 viral 
sequences were related to earlier studies of the molecular 
basis of attenuation. Finally a study of TTE viral sequence
i i i
suggested that a closer homology existed between TTE virus and 
other CEE virus subtypes, than between TTE virus and another 
TBE complex virus, Louping 111, Vihich like TTE virus, causes 
encephalomyelitis in sheep. The significance of these findings 
was discussed.
Factors involved in the design of efficient primers for RT 
and amplification were studied. The suitability of three 
primers, YF7, TICKl, and RSI as probes for the identification 
of TBE complex viruses was ej^ mined.
Results obtained in this thesis were discussed in the 
context of possible future molecular biology studies in this 
field.
IV
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ŒAPTER 1.
Introduction.
1.1. Taxonomy.
1.1.1. Arboviruses.
At the turn of this century, yellow fever (YF) was 
discovered as the first infectious disease of humans to be 
caused by a filterable agent/virus. Furthermore, it was the 
first disease shown to be transmitted by a blood-sucking 
arthropod, the mosquito (Reed and Carroll, 1902), and the first 
virus to be successfully cultivated in the laboratory. The 
early, remarkable research performed on YF played a significant 
role in the development of mans' knowledge about viruses in 
general and measures for disease control in particular.
The term Arbovirus, introduced in 1942, literally means 
viruses which are arthroood-bome. It is used to describe 
animal viruses that are maintained in a transmission cycle 
between blood sucking (haematophagus) arthropod vectors and 
susceptible vertebrate hosts. An essential point in the 
definition of an arbovirus is that the arthropod does not 
merely provide mechanical transportation of virus from one 
infected host to another, but is a true host in which the virus 
multiplies before its transmission. Both hosts are essential 
to the survival of the virus, since direct transmission between 
individual members of the same species does not occur (other 
than transovarial transmission in mosquitoes and ticks). Human 
disease arises because man intrudes accidentally into the life 
cycle of the virus. Thus, with the exception of the urban
forms of dengue and YF, most arboviral diseases are zoonoses, 
infections primarily of animals, taut transmissible to man. A 
number of different arthropods have been ittplicated with the 
transmission of disease (World Health Organisation Technical 
Report, 1967):
mosquitoesticksmidges (Cullcx>ides species) sandflies (Phlebotoims species)
Subsequent to the early YF research, field studies 
resulted in the isolation of a number of other Arboviruses, and 
these viruses were classified, by haemagglutination (HA) and 
haeraagglutination inhibition (HAI) assays, into Group A and 
Group B Arboviruses (Casals and Brown, 1954). Both of these 
groups were placed in the family, Togaviridae (toga being 
derived from the latin for mantle or cloak), the reference 
being to the existence of the viral envelope. The Togaviridae 
consisted of small RNA viruses with lipid envelopes and cubical 
nucleocapsid symmetry. The 1985 edition of The International 
Catalogue for Arboviruses gives the number of currently 
registered Arboviruses as 504 (Karabatsos, 1985). Their 
geographical incidence is worldwide, but with the majority of 
isolates coming from South America, Africa, North America and 
Asia.
Arboviruses are, by definition, grouped together on the 
basis of their transmission by haematophagous arthropods. 
However, from the very beginning, the differences between the
Group A (alphaviruses) and Group B (flaviviruses) were known. 
The flaviviruses were known to be smaller and to have different 
processes for undergoing replication (Westaway, 1980). In 
1984, the flaviviruses were therefore recognised as a new 
family, the Flaviviridae, by the International Committee for 
the taxonomy of Viruses (IdV).
1.1.2. Classification of the Flaviviridae.
The family Flaviviridae currently contains a single genus, 
Flavivirus, which contains the prototype species, YF virus, and 
68 other registered distinct, but antigenically related, 
members (Westaway at al., 1985; Calisher et al., 1989; Shiu et 
al., 1991). Of the registered members, 48% are mosquito borne, 
27% are tick-bome and 25% have no proven arthropod vector 
(Calisher et al., 1989).
As more information becomes available, particularly 
nucleotide sequence information, changes in classification are 
entirely possible. It has been suggested that a number of 
other genuses may soon be added to the Flaviviridae (A.D.T. 
Barrett, personal communication). For example, it has been 
found that the genome sequences of bovine diarrhoea virus and 
hog cholera viruses, which are closely related pestiviruses, 
have a similar arrangement and replication strategy to 
flaviviruses (Collett at al., 1988). Moreover, the recently 
identified agent of non-A, non-B blood borne viral hepatitis, 
hepatitis C, also shares similar limited homologies with
flaviviruses and pestiviruses (Choo et al,, 1989; C. Rice & S. 
Feinstone, unpublished data).
As has been stated earlier, the initial classification of 
Group A and Group B arboviruses was performed using HA and HAI 
assays. More recently, classification has been performed using 
polyclonal sera to carry out neutralisation tests, with the aim 
of distinguishing individual viruses, and subgroups, within 
this family of viruses. De Madrid and Porterfield (1974) 
performed cross neutralisation studies on 42 putative 
flaviviruses and were able to classify the majority of viruses 
into seven subgroups. A more recent stuc^  by Calisher et al., 
(1989), of 66 putative flaviviruses, classified 49 of the 
viruses into eight subgroups and left 17 viruses unclassified, 
see Table 1.1. Later studies of the relationships between 
flaviviruses were based upon comparisons of nucleotide anl 
amino acid sequence data, see Table 1.2. These later studies 
have supported those performed earlier and have deepened the 
general understanding of the classification and evolution of 
this interesting family of viruses. These studies are ongoing 
and thus the classification of the viruses of this family 
remains in a state of development.
TABLE 1.1
FLAVIVIRUS A N T IG E N IC  COMPLEXES
Principal
Vector
Tick:
Antigenic
Complex
Tick-borne
encephalitis:
Tyuleniy:
Mosquito: Japanese
encephalitis:
Ntaya:
Uganda S:
Dengue:
No known Rio Bravo: 
vector:
Modoc:
Unclassified:
Viruses
Russian sprlng-summer encephalitis, 
Central European encephalitis, Omsk 
haemorrhagic fever, Kyasanur forest 
disease, Langat, Negishi, Powassan, 
Louplng-lll, Phnom-Penh bat, Carey 
Island, KarshI, Royal Farm
Tyuleniy, Saumaurez Reef, Meaban
Japanese encephalitis, St. Louis 
encephalitis, Murray Valley encephalitis. 
West Nile, Kunjin, Usutu, Stratford, 
Kokobera, Alfuy, Koutango
Ntaya, Tembusu, Bagaza, Yokose,
Israel turkey meningoencephalitis
Uganda S, BanzI, Edge Hill, Bouboul
Dengue 1,2, 3, 4
Rio Bravo, Entebbe bat, Dakar bat, Apol, 
Saboya, Bukalasa bat
Modoc, Cowbone Ridge, San Perilta,
Sal VIeja
Gadgets Gully, Kadam, Cacipacore, 
Montana myotis leukoencephalitis, Zlka, 
Sokuluk, Tamana bat, Bussuquara, 
llheus, Jugra, Naranjal, Rocio, Seplk, 
Wesselsbron, SpondwenI, Yellow fever
Determined by cross -neut ra l l za t lo n  assays using 
polyclonal  sera,  Ca l isher e t  al, 1 9 8 9 .
TABLE 1.2
FLAVIV IRUS NUCLEOTID E S E Q U E N C E S  P U B L IS H ED  TO DATE
Virus Strain Genes Reference
CEE Neudoerfl C, M, E Mandl et al., 1988
Entire genome Mandl et al., 1989a
Den-1 Nauru C, M, E, NSI Mason et al., 1987
C, M, E X 5 Chu et al., 1989
Den-2 SI Entire genome Hahn et al., 1988
Jamaica C, M, E Deubel et al., 1986
Jamaica Entire genome Deubel et al., 1988
New G.C. C. M, E Gruenberg et at.. 1988
PUO-218 M, E Gruenberg et al., 1988
PUO-218 E X  8 Blok et al., 1989
PUO-218 NSI x 8 Blok et al., 1991
Malaysia E(DF1 Samuel et al., 1989a
Malaysia E (DHF) Samuel et al.. 1989b
Malaysia E (DSS) Samuel et al., 1989c
M l,  M2, M3 NSI x 3 Fong et al., 1990
M l, M2, M3 C x 3 Samuel et al., 1990a
M l, M2, M3 M, pr-M X  3 Samuel et al., 1990b
Tonga E Chen & Maguire, 1990
Den-3 H87 C, M. E Osatomi et al., 1988
H87 Entire genome Osatomi & Sumiyoshi, 1990
Den-4 C, M, E Zhao et al., 1986
Entire genome Mackow et al, 1987
JE Nakayama C, M, E, NSI McAda et al., 1987
JaGARS982 C, M, E Sumiyoshi et al., 1986
JaOARS982 Entire genome Sumiyoshi et al., 1987
Beijing-I Entire genome Hashimoto et al., 1988
SA14 Entire genome Nitayaphan et al., 1990
SA14 Entire genome Aihara et al., 1991
SA14-14-2 (PDK-9) Entire genome Nitayaphan et al., 1990
SA14-14-2 (PHK) Entire genome Aihara et al., 1991
Sarawak E Cecelia & Gould, 1991
Kunjin Entire genome Coia et al., 1988
LGT TP21 C, M, E Mandl et al., 1991b
Li 369/T2 C, M, E Shiu et al., 1991
MVE 1-51 C, M. E Dalgamo at al., 1986
1-51 E x 11 Lobigs et al., 1988
1-51 E variants Lobigs et al., 1990
1-51 S' half Lee et al., 1990
RSSE Sofjin C, M, E Pletnev et al., 1986
Sofjin C, M, E, NS1 Yamshchikov & Pletnev, 1988
Sofjin Entire genome Pletnev et al.. 1990
SLE MSl-7 C, M, E. NS1,NS2 Trent et al., 1987
WN Nigeria C, M Castle et al., 1985
Nigeria E Wengler et al., 1985
Nigeria Entire genome Castle et al., 1986
E101 3' non-coding Brinton et al., 1986
E101 5* non-coding Brinton & Dispoto, 1988
Yelantsev C, M, E Mandl et al., 1991b
YF Asibi Entire genome Hahn et al., 1987
1899/B4.1 C, M, E, NS1 Ballinger & Miller, 1990
17D-204-ATCC Entire genome Rice et al., 1985
17D-204-F C, M, E Despres et al., 1987
17D-204-F Entire genome Dupuy et al., 1989
Infectious clone Rice et al., 1989
1.2. Flavivirus structure.
1.2.1. Morphology.
Flaviviruses contain a central nucleocapsid, 25-30 nm in 
diaiæter, v^ich is surrounded by a host derived lipid bilayer 
to yield a diameter of approximately 40 nm. Additionally, the 
outer surface of the virion envelope contains projections which 
are 5-10 nm in length terminating in a 2 nm diameter spike 
(Murphy, 1980). The flavivin:^  nucleocapsid core contains one 
copy of a positive sense single stranded RNA genome complexed 
with a single species of capsid protein (Westaway, 1980),
Chemical analysis of the mature virion of a representative 
flavivirus, St. Louis encephalitis (SLE) virus, gave its 
approximate composition as 6% RNA, 66% protein, 17% lipid and 
9% carbohydrate. However, both the quantity and type of lipid 
vary, dependent on the cell type from which the virions are 
derived (Trent and Neave, 1980). Infectious particles possess 
buoyant densities of 1.22 g/cm^  and 1.18-1.20 q/as? in caesium 
chloride and sucrose respectively (Smith et ai., 1970). The 
infectivity of flavivirus virions remains most stable in the pH 
range 7-9 (Brinton, 1986), although tick-bome flaviviruses are 
able to tolerate much lower pH values for a limited period of 
time (pH 3 for 24 hours) (Pogodina, 1958). Virions are also 
sensitive to ultraviolet light, ionic and non-ionic detergents, 
trypsin digestion and terrqperature, with a 50% decrease in
infectivity following 10 minutes at 50 °C (Brinton, 1986; 
Porterfield et al,, 1978).
1.2.2. Genomic RNA.
The genome of flaviviruses, shown in Figure 1.1., consists 
of a single stranded molecule of RNA (molecular weight (MW) 
approximately 4x10^ ) vhich is approximately 11 kilobases (kb) 
in length. It is infectious and thus of plus polarity. It 
functions as a messenger RNA (mRNA) for the synthesis of both 
structural and non-structural proteins (Strauss and Strauss, 
1977). The viral RNA (vRNA) has a type 1 cap at the 5’ end 
(m^ C^ ppAmpN^ ) vhich probably facilitates its binding to 
ribosomes (Muthukrishnan et al,, 1975, 1976; Wengler et al,, 
1978; Cleaves and Dubin, 1979).
Determination of the genomic sequences of flaviviruses has 
not proceeded as rapidly as seen for other viruses. However, 
recently, the complete, or partial, genomic sequences have 
become available for a number of flaviviruses. The first of 
the nucleotide sequences to be elucidated was that of the 
prototype flavivirus, YF (Rice et al,, 1985). Data now exists 
for the complete or partial nucleotide sequences of a number of 
viruses, the references for which are given in Table 1.2.
The gene order for all flaviviruses sequenced to date is 
shown below:
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The structural protein genes are located in the 5' quarter 
of the genome, and the non-structural protein genes are located 
in the remaining three quarters as shown in Figure 1.1.
Sequence comparisons of the nucleotide and deduced amino 
acids for the above viruses revealed a single open reading 
frame (ORF). The ORFs for different flaviviruses vary in 
length (starting at the first methionine residue), ranging from 
that of dengue-4 (Den-4) virus (10,158 nucleotides, 3,386 amino 
acids) to that of Murray Valley encephalitis (MVE) virus 
(10,302 nucleotides, 3,434 amino acids). No other ORFs have 
been identified in either sense or anti-sense genomic RNA.
Preceding the ORF at the 5 ' end is a non-coding region, 
ranging in length from 67 to 132 nucleotides. This region in 
the tick-bome encephalitis (TBE) viruses is longer, by 20-30 
nucleotides, than in any other flaviviruses sequenced.
The non-coding region at the 3* end of mosquito-bome. 
flaviviruses is generally found to be between 400 and 600 
nucleotides long. It would appear that genomic RNAs of
mosquito-bome flaviviruses lack a 3' poly (A) tract and instead 
tenninate with the conserved dinucleotide OJ (Wengler et al., 
1978; Wengler and Wengler, 1981; Deubel et al., 1983). The 
non-coding region includes 90 nucleotides at the 3' end which 
can be organised into a stable hairpin loop structure (Brinton
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et al., 1986; Grange et al., 1985). Analyses of several
closely related Central European (CEE) subtypes of TBE viruses 
has revealed the existence of a short 3* non-coding region, 114 
nucleotides long and polyadarylated, in several CEE virus 
strains (Mandl et al., 1991a). Those CEE sub-type viruses not 
possessing this type of 3 ' non-coding region, have longer 
regions, 461 nucleotides, more closely resembling the common 
flavivirus pattern. It has been suggested that there may be a 
correlation between 3 ' non-coding regions and the ability to 
grow in tick or mosquito cells (Mandl et al., 1991a). However, 
it remains to be determined vihich biological functions are 
specifically affected by elements in this region.
The genomic RNA typically has a high purine content and 
low OG and UA frequencies, the significance of which is not yet 
known, but may be an adaptation by these viruses to growth in 
their different host environments.
The analyses of the nucleotide sequences of viruses of the 
TBE complex will be discussed in further detail in section 1.9.
1.2.3. Viral proteins.
Processing of the flavivirus polyprotein generates at 
least ten viral proteins, three of which are structural and 
seven of \diich non-structural.
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1.2.3.1. Structural proteins.
The capsid (C) protein is a small (MW 13-16 kDa), highly 
positively charged protein which forms the basic structural 
component of the nucleocapsid. The positive charge is thought 
to partially neutralise the negative charges in the 
encapsidated RNA. There exist a number of C protein forms due 
to both N- and C-terminal modifications, the significance of 
which is not understood. The overall amino acid sequence 
homology of flavivirus C proteins is low, although, in general, 
regions of hydrophobicity and hydrophilicity are conserved. 
For example there is a highly conserved region between 
nucleotides 38 and 55 of the C protein. It is thought this 
domain may be involved in interactions between the C protein 
and the vRNA during nucleocapsid assembly and acquisition of 
the lipoprotein envelope (Rice et al,, 1986). Purified C
protein does not elicit neutralising antibody vhen injected 
into mice (Brinton, 1986).
The pre-M (prM) protein is the glycoprotein precursor to 
the structural non-glycosylated Membrane (M) protein. The 
precursor undergoes delayed cleavage to produce the smallest of 
the structural proteins, M (MW 8 kDa), and the additional N- 
teminal segment, vhose subsequent fate is unknown. This 
cleavage appears to be linked to virus maturation or release, 
as prM and M proteins are found on intracellular and 
extracellular virions respectively. The M protein is closely 
associated with both the lipid envelope of the virus and the
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Envelope (E) protein. The M protein is hydrophobic in nature 
particularly in the C-terminal 37 residues, vÆiich span the 
membrane, and contain only a single charged residue. However, 
there exists a higher sequence conservation in this region than 
would normally be expected for membrane anchor sequences, 
suggesting that the C terminus of the M protein may interact 
specifically with the E protein, the nucleocapsid, or both, 
during virus assembly (Rice et al,, 1986). The function of the 
M protein has not been reliably elucidated, however it is 
thought to be involved in virus/cell interactions.
The E protein has a molecular weight of 53 to 54 kDa and 
is the major structural protein of the virion. This protein 
may be present in either glycosylated or non-glycosylated 
forms. The E protein is a typical membrane protein with a 
large N-terminal ectodomain anchored in the envelope bilayer by 
means of a hydrophobic C-terminal domain. The E protein is the 
major membrane associated protein and possesses many of the 
sites concerned with the biological activity of the virus 
including:
elicitation of neutralising antibodies and protective immunity.haemagglutination.mediation of receptor binding to host cell receptors, membrane fusion functions involved in infection and in release of the virions.
Comparisons of a number of deduced E protein sequences 
have revealed regions of both high and low homology (Mandl et 
al,, 1988; Rice et al,, 1986). Ihe 12 cysteine residues in the
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E protein ectodomain are strictly conserved and, in the case of 
West Nile (WN) virus, are all involved in intramolecular 
disulphide bonding (Nowak and Wengler, 1987).
Recently a number of two-dimensional E protein structural 
models have became available based upon:
determination of the intramolecular disulphide bridges for WN virus.
examination of topological and biological properties of E protein epitopes as determined by monoclonal antibodies (MAbs) (for a review see Heinz, 1986).
physical and immunological characterisation of E protein fragments derived by chemical or protease cleavage (Mandl et al., 1989b; Guirakhoo et al.,1989).
localisation of antibody binding sites to deleted forms of the Japanese encephalitis (JE) virus E protein ej^ ressed in bacteria (Mason et al., 1987; Mason et al., 1989).
nucleotide sequencing of neutralisation-escape mutants of YF and viruses of the TBE complex (Lobigs et al., 1987; Mandl et al., 1989b).
reactivity of anti-peptide sera with native E protein from Mjrray Valley encephalitis (MVE) and Dengue-2 (Den-2) viruses (Roehrig et al., 1989).
Models of the E protein exist for WN, MVE, Den-2, and CEE, 
strain Neudoerfl (CEE Neudoerfl) viruses (Nowak and Wengler, 
1987; Roehrig et al., 1989; Mandl et al., 1989b). The most 
extensive studies are based on the CEE Neudoerfl virus E 
protein, the model of vhich is shown in Figure 1.2. Heinz and 
his co-workers have characterised three major epitope clusters: 
domains A, B, and C.
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The lipid membrane is represented by two horizontal solid lines. The polypeptide chain is folded to indicate three domains, Ü, B and C. Symbols: #, conservative and partially conservative residues. 0, non­conservative, variable residues. Cysteine residues forming disulphide bridges are connected by solid lines. Arrows together with names of neutralising monoclonal antibodies mark the locations of the mutations identified in the respective antigenic variants of TBE virus by sequence analysis. Arrowheads indicate positions of nonconservative amino acid substitutions in the ÏF17Q vaccine strain (Y), the attenuated DEN-2S1 strain (D), and an attenuated MVE virus passage variant (H). The four amino acid sequence element after position 386 is lacking in the TBE virus E protein but is present in all other flaviviruses sequenced to date. Diamonds mark potential glycosylation sites.
F IGURE 1.2
ST RUCTURE OF THE TBE VIRUS ENVELOPE PROTEIN
A
TBE-E
Model of the TBE virus envelope (E) protein modified to show conserved 
and variable amino acid sequences. The amino acid sequence of the E 
protein of TBE virus strain Neudoerfl, aligned against the E protein 
sequences (see Table 1.2.) of Murray Valley encephalitis virus, 
Japanese encephalitis virus. West Nile virus, St. Louis encephalitis 
virus, yellow fever virus, and Dengue 1, 2 and 4 viruses.
(Taken from Holtzmann ei j/,, 1990).
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Domain A is derived from the disulphide-rich region of 
amino acid residues, 50-125, and the region of residues, 200- 
250, vhich contains both highly conserved regions, such as 
region 98-111, and highly variable regions.
The highly conserved region, residues 98-111, has been 
putatively identified as the region important for acid- 
catalysed fusion (Guirakhoo et al., 1989; Roehrig et al., 1989; 
Heinz et ai., 1990a). The sequence homology, high glycine 
content, chemical characteristics, hydrophobicity and surface 
inaccessibility are consistent with the fusion sequences of 
other viral proteins (Skehel and Water field, 1975; Gething et 
ai., 1978). Also, the molecular flexibility, which is a
necessary characteristic for a fusion region, is present 
(Gollins and Porterfield, 1986). The fusion mechanism vhich 
involves a pH induced conformational change, occurs within the 
endocytic vesicles. This results in the fusion of the membrane 
of the virus with that of the vesicle and allows entry of the 
nucleocapsid into the cytosol.
Domain A is alone in containing epitopes involved in 
flavivirus cross-reactive epitopes. Domain epitopes are 
sensitive to dénaturation by:
SDS: destabilises hydrophobic interactions.Reducing agents: destabilises disulphide bonds. Trypsin: cleavage of polypeptide chains on thecarboxyl side of arginine and lysine residues.
(Guirakhoo et al., 1989)
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All three domains contain epitopes involved in 
neutralisation and HAT. Anti-sera were raised against a number 
of synthetic peptides made to match the deduced amino acid 
sequence of the E protein (Roehrig et al., 1989). The anti­
serum vhich was found to have the highest neutralising activity 
mapped to the N-terminal region, suggesting that this may be an 
exposed region.
Domain B consists of residues 300 to 395 and is enriched 
with TBE coitplex specific epitopes. These epitopes are 
sensitive only to reducing agents and are not sensitive to SDS, 
acid pH or trypsin treatment. Two studies, (Holtzmann et al., 
1990; Lobigs et al., 1990), have provided evidence for the 
biological importance of this domain in modulating the 
pathogenicity of the virus in vivo. The first study describes 
a MAb neutralisation resistant mutant of CEE Neudoerfl virus 
vhich has been found to map to residue 384. This results in a 
virus vAiich is attenuated in mice and confers protection 
against lethal challenge. Similarly, the second study 
describes a change at residue 390 of MVE virus vÆiich is also 
attenuated in mice. Such data suggest that this region may be 
involved in tissue tropism and perhaps E protein-host receptor 
interactions.
Domain C consists of residues 132 to 179 and is composed 
of a disulphide-free loop. Epitopes in this domain are not 
denatured by SDS-treatment, but are protease sensitive. The 
TBE glycosylation site, conserved amongst flaviviruses, maps to
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residues 154 within this domain. Elimination of this glycan 
renders some domain C epitopes sensitive to SDS dénaturation 
(Guirakhoo, 1989).
1.2.3.2. Non-structural proteins.
In addition to the structural proteins, the genome codes 
for a total of seven non-structural (NS) proteins. The 
function of most of these proteins has yet to be elucidated.
The NSl glycoprotein (MW 39-41 kDa) may exist as different 
forms: cell associated, cell surface and extracellular (Lee et 
al,, 1989). The physical differences between these forms are 
not clear. Furthermore the function of this protein is not 
fully understood, but it may have a role to play in virus 
morphogenesis as opposed to virus r^lication (Russell et al., 
1980; Chambers and Rice, 1987). The protein is largely 
hydrophilic, but has a single hydrophobic region for anchoring 
it in the plasma membrane (Rice et al., 1985). There are 12 
strictly conserved cysteine residues, in all flaviviruses 
sequenced to date, with the exception of Den-4 virus (Mackow et 
al., 1987). There are also invariant glycosylation sites and 
additional regions of high sequence homology.
Antibodies are elicited to the NSl protein during 
infection; immunisation with this protein has been shown to 
protect animals from subsequent challenge (Schlesinger et al., 
1985, 1987). Moreover, anti-NSl protein MAbs elicit passive
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protection in mice (Gibson et al., 1988). Furthermore NSl 
protein may also elicit complement fixation activity (Smith and 
Wright, 1985). Analysis of NSl protein with MAbs has shown the 
presence of type specific, complex specific, and group reactive 
epitopes (Henchal et al., 1987).
NS2A, NS2B, NS4A and NS4B are all relatively small 
hydrophobic proteins, having MWs of 18, 13, 31, and 12 kDa 
respectively. A series of hydrophobic regions are conserved, 
in position but not in sequence, within all of these proteins, 
suggesting that they are all membrane associated (Rice et al., 
1986). These proteins may form mentorane components of the 
viral replication complexes (Chambers and Rice, 1987).
The NS3 protein is the second largest protein, (MW 68-70 
kDa) and is highly conserved amongst flaviviruses (Mandl et 
al., 1989a). This protein contains no hydrophobic stretches 
and therefore a cytoplasmic localisation is likely. A role for 
NS3 protein in viral replication has been suggested and recent 
sequence comparisons further suggest a role both in protease 
activity (Chambers et al,, 1990) and possibly in helicase 
activity (Gorbalenya et al., 1989).
The NS5 protein (MW 103-104 kDa) is the largest and most 
highly conserved of all the flavivirus proteins (Mandl et al., 
1989a). This protein is basic and contains no long hydrophobic 
stretches. It is thus likely to be located in the cytoplasm. 
However, a membrane association it thought to exist, the nature
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of vhich is unknown. The most likely role for this protein is 
that of the viral RNA polymerase (Rice et al., 1986).
1.3. Virus r^lication and polyprotein processing.
The sequenœ of events followed in the process of the 
replication of flaviviruses is not well understood. Flavivirus 
RNA synthesis occurs in the perinuclear region of the host cell 
and involves replicative intermediates and replicative form RNA 
(Cleaves et al., 1981; Ng et al., 1983; Chu and Westaway, 1985; 
Westaway, 1987).
The translation of genomic RNA provides both viral 
replicase and transcriptase activities, vÆiich enable the 
initiation of RNA replication. This involves the synthesis of 
complementary negative sense RNA which is then available as a 
template for the production of full-length positive sense RNA. 
The resultant positive sense RNA may be used subsequently for 
three different purposes:
- Translation into structural and non-structural proteins.
Transcription of negative sense RNA.
- Encapsidation into virions. (Brinton, 1986)
The initiation of translation is thought to occur near the 
5’ end of the genome (immediately following the non-coding 
region) and the individual viral proteins are later produced as
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a result of proteolysis (Schrader and Westaway, 1988). The 
proteolysis involves a progression of cleavages mediated by 
proteases of both host and viral origin. The proteolytic 
processing of the polyprotein precursor requires site 
recognition, and the cleavage sites are therefore well 
conserved between different flaviviruses (Chambers et ai.,
1990). Nascent C, prM, E and NSl proteins contain signal 
sequences for their translocation into the lumen of the 
endoplasmic reticulum (ER) vAiere cleavage of the C-prM, prM-E 
and E-NSl occurs. Core glycosylation of prM, E and NSl 
proteins may then be effected (Chambers et al., 1990; Rice et 
ai., 1985; Castle et ai., 1985; Wengler et ai., 1985). The 
cleavage of non-structural proteins NSl and NS2A is thought to 
be slightly delayed and then effected in the lumen of a 
vesicular compartment (Chambers et ai., 1990). The remaining 
non-structural proteins, NS2A, NS2B, NS3, NS4A, NS4B and NS5, 
are thought to be cleaved in the cytosol by a viral protease 
(for a review see Chambers et al., 1990).
Virus maturation occurs in association with intracellular 
membranes and culminates with the budding of virus from the ER 
(Murphy, 1980).
1.4. Medical significance.
i^proximately 50% of the 68 currently registered 
flaviviruses have been associated with human disease 
(Karabatsos, 1985). Flavivirus diseases of humans can be
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broadly divided into three groups on the basis of their 
clinical manifestations, namely:
encephalitis fever-arthralgia-rash haeraorrhagic fever
1.4.1. Flaviviruses primarily associated with 
enc^halitis.
St. Louis encephalitis (SLE) was first recognised as a 
disease in 1932 with an outbreak in Illinois (Chamberlain et 
al., 1957) and has subsequently occurred in epidemic form at 
approximately ten year intervals. It predominantly affects the 
Ohio-Mississippi valley. Eastern Texas, Florida, Kansas, 
Colorado and California. The disease is transmitted by 
mosquitoes, principally of the Calex pipiens and Culex 
quinqaefasciatus species, and its peak incidence is during the 
months of August and September. Three clinical syndromes have 
been described:
Encephalitis Aseptic meningitis Febrile headache
The clinical symptoms associated with these three 
syndromes are shown in Table 1.3. The severity of the illness 
increases with age, as does the fatality rate; 2% in young 
adults to over 22% in the elderly. ^proximately 50% of 
patients with fatal infections die within one week of onset and 
80% die within two weeks. A period of prolonged convalescence 
occurs in 30-50% of survivors, with approximately 20% of these
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TABLE 1 .3
CLINICAL SYNDRCMES CAUSED BY INFECTION WITH 
FLAVIVIRUSES ASSOCIATED WITH CNS DISEASE
En cep h a l i t  is : Including m en ingoencephal i t is  and 
encephalomyel i t  is .
Acute f e b r i l e  i l l n e s s :  Oral  temperature 3 7 . 8 ’ C.
One or more signs in e i t h e r  of the f o l lo w in g  c a te g o r ie s :
A l t e r e d  level  of  
consc i ousness:
O b je c t iv e  signs of  
neuro lo g ica l  
dysfunct  i on :
Asept  ic m e n in g i t i s
Febr i I e  headache
Confusion, d i s o r i e n t a t i o n ,  
d e l e r iu n ,  le th a rgy ,  s tupor,  coma.
Convulsion, c ra n ia l  nerve p a ls y ,  
d y s a r t h r i a ,  r i g i d i t y ,  p a re s is ,  
p a r a l y s i s ,  abnormal r e f l e x e s ,  
t rem or .
Acute febr  i I e  i l l  ness.
S ign(s )  of meningeal i r r i t a t i o n ,  
such as s t i f f  neck w i t h  or w i t h ­
out p o s i t i v e  K e r n ig ’ s or 
B ru d z in sk i 's  s ign.
No o b je c t i v e  signs of neu ro log ic  
dysfunct  io n .
Acute f e b r i l e  i l l n e s s .
Headache. May also  have other  
systemic symptoms, such as nausea 
or vomit ing .
No signs of meningeal i r r i t a t i o n  
or neurologic  dys funct ion .
CSF p leo cy to s is  present  in p a t ie n t s  w i t h  e n c e p h a l i t i s  and 
a s e p t ic  m e n in g i t i s .  I t  may also  be found in p a t ie n t s  w i t h  
the syndrome of f e b r i l e  headache.
(Adapted from F ie ld s  & Knipe,  1989.)
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patients having symptoms which persist for longer periods, 
(sequelae). These include speech and gait disturbances, 
sensorimotor impairment, psychoneurotic complaints and tremors 
(Finley and Riggs, 1980). At present there is no available 
vaccine, and reduction of vector populations remains the most 
widely used method of prevention and control.
Japanese encephalitis (JE) virus occurs in endemic and 
epidemic forms over much of Asia and causes the highest 
mortality rates of any flavivirus disease. In epidemic forms, 
the average mortality rate has ranged from 10-20%; however 
figures in excess of 30% have been recorded (Bu'lock, 1986; 
Onenai et al., 1985). As seen with SLE, the illness may be 
manifested by febrile headache, aseptic meningitis, or 
encephalitis (Dickerson et al,, 1952). The unfortunate 
sequelae vhich follow 70% of JE infections, and vhich are 
particularly severe in children, include Parkinsonism, 
convulsive disorders, motor abnormalities, impaired intellect 
and emotional disorders. Mosquito-bome JE virus continues to 
threaten large populations even though massive vaccination 
campaigns have been undertaken. The reason for this is thought 
to be that the vaccination programme is being undermined by the 
high degree of antigenic variation exhibited by different 
subtypes of JE virus (Susilowati et al,, 1981).
Murray Valley encephalitis (MVE) virus, another member of 
the JE antigenic complex, causes intermittent epidemics in 
areas in Australia, vhich have experienced high rainfall
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periods (Forbes, 1975), Epidemics are usually recorded from 
January to March and coincide with high levels of the mosquito 
vector (Shope, 1980), The principle vector is Culex 
aimulirostrls, with large water fowl (such as herons and 
pelicans) being the most important viraemic aitplifying hosts. 
The illness appears to manifest at three levels of severity 
(Bennett, 1976):
Mild cases: altered levels of consciousness, variable neurological abnormalities. Stabilisation withinfive to ten days.
Severe cases: coma, respiratory impairment,paralysis.
Fatal cases: progressive nervous system damage,increased susceptibility to bacterial infections.
Neurological sequelae occur in up to 40% of mild cases and 
in all those severe cases vhich subsequently recover. There is 
no available vaccine. Thus, in areas prone to recurrent 
epidemics, programmes of surveillance of rainfall and of virus 
activity in mosquitoes and other potential viraemic hosts are 
monitored and are used to predict risk. The data is then 
exploited to implement targeted mosquito control measures.
Rocio virus, has not been placed in any of the flavivirus 
antigenic complexes, but it cross reacts most closely with 
virus members of the JE subgroup. The virus is endemic in 
Brazil vhere sporadic cases occur. The clinical features are 
similar to those of SLE and JE, with a fatality rate of 4% and 
sequelae occurring in 20% of survivors. There is no available 
vaccine (Lopes, 1980).
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The tick-bome encephalitis (TBE) virus complex: consists 
of 14 antigenically related viruses, eight of vhich cause human 
disease. These viruses will be discussed in detail in section
1.5.
1.4.2. Flaviviruses primarily causing fever-arthralgia- 
rash.
Dengue (Den) viruses cause a world-wide health problem and 
give rise to epidemics involving thousands of people in areas 
of tropical Asia, Africa and America. Four serotypes of Dengue 
have been recognised vhich make up the dengue antigenic 
complex, (Den-1 to 4), using studies performed by plaque 
reduction neutralisation tests (Russell et al., 1967). The 
viruses are transmitted to man by infected mosquitoes, most 
usually Aedes aegypti. They cause the highest morbidity rate 
of any of the flaviviruses (Efelstead, 1988). The reason for 
this high morbidity lies in the ability of the mosquito to 
breed in artificial containers containing fresh water, a habit 
vdiich results in their ability to breed in large numbers, in 
and around, human habitations.
Each of the serotypes of dengue virus gives rise to the 
classical dengue fever vhich is a self-limiting illness 
associated with fever and rash. However, each of the serotypes 
can also be responsible for a more severe form of disease, 
dengue haemorrhagic fever (DHF) and dengue shock syndrome 
(DSS). It has been proposed, (Halstead et al., 1970; Halstead,
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1982; Halstead, 1988), that the severe form of the disease has 
an iraraunopathological basis and occurs in individuals 
previously sensitised by infection with one of the 4 Dengue 
serotypes. Although any combination of the four serotypes may 
be involved, infection by Den-1 virus followed by subsequent 
infection with Den-2 virus carries a greater risk of DHF/DSS 
(SangkawiJdia et al., 1984; Burke et al., 1988). DHF/DSS
initially presents with symptoms similar to those of classic 
dengue fever, but progresses, after two to five days, to a 
severe form with prostration, irritability and shock, 
accompanied by clammy extremities, rapid respiration, rapid 
pulse and hypotension. Untreated, a case fatality of 50% 
occurs, but early recognition and supportive therapy may lower 
this figure to 1%.
Considerable research has been dedicated to the 
development of a dengue vaccine. However the problems of 
eliciting an immunological response to one of the serotypes 
with the subsequent dangers of infection with another serotype, 
possibly leading to DSS or DHS, has obviously complicated this 
work. One of the most promising candidate dengue attenuated 
virus vaccines, based on Den-2 virus, has been developed in 
Thailand and has been shown to protect human volunteers without 
apparent side effects (Bhamarapravati et al., 1987).
Furthermore attenuated vaccine strains against Den-4 have also 
been developed and human trials have been suggested 
(Angsubphakom et al., 1988). A novel approach towards a 
vaccine for Den-4 has also been made utilisirg a genetically
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engineered Den-4 baculovirus recombinant. This has been shown 
to protect mice against wild-type challenge (Brandt, 1990). It 
is evident, however, that these viruses present a considerable 
and novel challenge in vaccine production. It may foe that the 
underlying mechanisms behind the causes for DHS and DSS will 
need to be more fully understood before a truly successful 
vaccine can be found.
West Nile (WN) virus is a member of the same antigenic 
complex Wiich contains MVE, SLE, and JE viruses. This virus is 
found is many parts of the world including, Africa, the Middle 
East, parts of Europe, USSR, India and Indonesia. The virus 
has been isolated from a number of mosquito species, although 
Culex univittatus and Culex pipiens molestus appear to be the 
most important vectors in Africa and the Middle East (Hayes, 
1988). Typically WN fever resembles Dengue fever. The illness 
lasts three to six days, is quite mild and is characterised by 
fever, headache, backache, generalised myalgia and anorexia, 
with a rash occurring in approximately half of the cases 
(Marberg, 1956). Infection may result in aseptic meningitis, 
or in meningoencephalitis in a small proportion of patients, 
especially the elderly. There is no vaccine available, the 
relative mildness and infrequency of the disease having lead to 
a perception of low priority for its development.
In addition to WN and Dengue viruses, other mosquito-bome 
flaviviruses cause human disease. These are, however, not of 
major health importance. They include:
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Banzi virus: Africa (Smithburn et al., 1959).
Bussuquara virus: South America (Gomes and Causey, 1959).
Ilheus virus: Central and South America (Calisher et al., 1989; De Madrid and Porterfield, 1974).
Kunjin virus: Australia; closely related to MVE virus (Lobigs et al., 1986; Coia et al., 1988).
Wesselsbron virus: South and West Africa; ofveterinary significance (Le Roux, 1959).
Zika virus: Africa and Asia; only 12 known cases (Olson et al., 1981).
1.4.3. Flaviviruses primarily causing haemorrhagic 
fever.
Yellow Fever (YF) virus is the prototype of the flavivirus 
genus. YF occurs throughout much of tropical South America and 
sub-Saharan Africa. The disease is spread in two 
epidemiological patterns, the urban cycle, in vihich human to 
human transmission is effected by the domestic mosquito, Asdes 
aegypti, and the sylvatic cycle in lAich various forest 
breeding mosquitoes transmit the virus between monkeys, from 
monkeys to humans and occasionally between humans (Shope,
1980). The annual incidence of recorded YF cases is 50 to 300 
in tropical America, and up to 5,000 cases in Africa. However, 
these data represent recorded cases only and are thus likely to 
be a significant underestimate of the true morbidity.
Abortive YF most usually consists of a short lived 
viraemia with symptoms of fever, malaise, headache and 
vomiting. However, this initial illness may be followed, after
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a short remission, by a more severe form of YF, This consists 
of recurrence of the fever, liver damage, leading to jaundice 
(the derivation of the name yellcw fever), possible kidney 
damage leading to acute renal failure (Monath, 1987), and 
haemorrhages into the skin, raucous membranes, throughout the 
body and from every orifice. Coma, delusions or convulsions 
presage death, vihich occurs in 20-50% of severe cases. The 
terminal synptoms are resultant from metabolic encephalopathy 
and cerebral oedema. In some cases the heart may be affected 
and late deaths during convalescence have been attributed to 
cardiac failure (Pinheiro, 1986). YF therefore shares many 
clinical features in common with other viral haemorrhagic 
fevers including Lassa Fever and Congo-Crimean haemorrhagic 
fever. Treatment is mainly supportive, although research is 
ongoing (for review see Monath, 1987).
YF vaccine represents one of the most successful 
attenuated virus vaccines ever produced. Vaccination results 
in a seroconversion rate of greater than 96% within seven to 
ten days (Freestone et al., 1977). Immunity is prolonged and 
may be lifelong after a single vaccination (Poland et al.,
1981), althouiÿi revaccination is presently recommended at ten 
yearly intervals. The original wild type virus, strain Asibi, 
was isolated from a mild case of YF in Ghana (Stokes et al., 
1928). This was subsequently passaged in a number of tissue 
types including mice, vhole chick embryo and chick embryo from 
vhich the majority of nervous tissue had been removed. At 
passage 176 the virus had lost both its mosquito competence and
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its ability to produce an encephalitis in rhesus monkeys 
following intracerebral challenge. It was designated strain 
17D. After further passages of 17D in chick embryo tissue, the 
strain was finally pronounced safe at passage 204. All the 
resultant 17D-204 vaccines used today are derived from this 
passage level (Theiler and Smith, 1937a and b; Theiler, 1951). 
Despite the administration of millions of doses of this 
vaccine, there have been few documented cases of problems 
relating to vaccination. A single case of fatal encephalitis 
has been recorded (Anonymous, 1966).
Further measures used to control YF consist of the use of 
insecticides and the elimination of breeding sites to eradicate 
the urban mosquito. However, elimination of the disease from 
jungle and forest areas has not been possible due to the 
existence of the sylvatic cycle, \\Aiich provides a reservoir of 
infection for humans entering this environment.
Omsk haemorrhagic fever and Kyasanur Forest disease 
viruses are tick-bome flaviviruses which also cause 
haemorrhagic fever and these will be more fully discussed in 
sections 1.7.4. and 1.7.5. respectively.
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1.5. The tick-bome enc^halitis virus complex.
1.5.1. History.
The first human case of TBE was recorded in the Soviet 
Union in 1934. In 1937, Zilber and his colleagues isolated the 
causative virus from a human brain and demonstrated tick 
transmission (Smorodintsev, 1958). In the 1940's it was shown 
that this disease, or diseases similar to it, were present in 
other European countries. In 1948, the disease was first 
recognised in eastern Europe (in an epidemic in Czechoslovakia) 
and the virus isolated from a patient was found to be very 
similar to that previously isolated in the Soviet Union. 
Subsequently this disease has been recognised in all countries 
of eastern Europe and Scandinavia, as well as in France and 
Switzerland.
Viruses of the TBE coroplex causing encephalitis in sheep 
(ovine encephalitis) were first recognised in the nineteenth 
century when they caused widespread outbreaks of disease in 
sheep in Scotland (Van-Rooyen and Rhodes, 1948). Subsequently 
this disease has spread to other regions including parts of 
Scandinavia and Europe.
1.5.2. Taxonomy.
The naming and registration of this antigenic complex of 
viruses has been effected in a somev^ at random manner, a
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situation vdiich has given rise to a degree of confusion. 
However the current classification of viruses of the TBE 
complex is shown in Table 1.4. The data in this Table show the 
antigenic complex to be formed of a number of different 
viruses: TBE, Langat (LGT), Negishi, Qm^ haemorrhagic fever 
(OHF), Kyasanur Forest disease (KFD) and Louping 111 (LI)
viruses. Two of these viruses are further classified into
subtypes:
- OHF virus: subtype: I.
subtype: II.
- TBE virus: subtype: Far Eastern/Russian Spring andsummer encephalitis (RSSE).
subtype: Central European (CEE).
The viruses and their subtypes have a number of strains, 
some of vâiich are shown in Table 1.4. However, vdiereas some
strains have been given separate names and are registered in
the International Catalogue of Arboviruses (Karabatsos, 1985), 
some remain unregistered. For example the Stillerova virus 
strain, considered to be the prototype strain of CEE virus, has 
in fact not yet been registered. The classification of this 
antigenic complex therefore awaits more detailed research and 
analyses before a more standardised and reliable system is 
determined.
There is a further tick-bome antigenic complex, the 
Tyuleniy complex, containing the Tyuleniy, Saumaurez Reef and 
Meaban viruses. These are, however, not of major health
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TABLE 1.4
CLASSIF ICATION OF THE T I C K -B O R N E  E N C E P H A L IT IS  
A N T IG E N IC  C O M P L E X  OF V IR USES
Virus Subtype Strain
Country 
of Origin Source Year
Kyasanur P9605 India Human biood 1957
Forest W377 India Human biood 1957
Disease G11338 india H. spinigera 1957
(KFD)
Langat TP21 Maiaya /. granulatus 1956
(LGT) TP64 Maiaya I  granulatus 1959
Louping-ill Moredun Scotiand Sheep brain 1931?
(Li) VRL2821/58 Waies Lamb brain 1952
VRL2822/58 Scotland Lamb brain 1958
Negishi Japan Human cere­ 1948
brospinal fluid
Omsk 1 Kubrin USSR Human blood 1947
haemorrhagic
fever ii Bogoluvovska USSR D. marginatus ?
Powassan Prototype Canada Human brain 1958
Tick-borne Far Sofjin USSR Human brain 1937
encephaiitis Eastern Parker ^ USSR Human brain? 1937?
(TBE) (RSSE) Spring N4 East USSR Human brain 1937
Khabarovsk-17 USSR Human brain 1957
Central Stiiierova Czech Human brain 1950
European Absettarov USSR Human blood 1951
(CEE) Hypr Czedi Human blood 1953
Kumlinge A52 Finland /. ricinus 1959
Kumlinge A59 Finland 1. ricinus 1959
Kumlinge A105 Finland /. ricinus 1959
Neudoerfi Austria i  ricinus 1971
St. Poiten Austria 1. ricinus 1971
Hochosterwitz Austria /. ricinus 1971
Aisace France 1. ricinus 1975
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importance and no further discussion of this virus complex is 
undertaken in these studies.
1.5.3. Tick vector and transmission.
The geographic distribution of TBE follows the 
distribution of the Ixodid ticks vhich transmit the causative 
viruses. The geographic distribution of the two ticks 
primarily associated with TBE, Ixodes persulcatns, the hard 
tick, and I ricinus, the soft tick, are shown in Figure 1.3. 
Where the region is unfavourable for the Ixodid species of 
tick, other species are found to be efficient vectors.
The RSSE subtype viruses are principally transmitted by I. 
persulcatus ticks, with various wild rodents and forest birds 
acting as primary and amplifying hosts (Cemey, 1976). 
Transovarial transmission of RSSE vine has been documented for 
at least three consecutive generations in J. persulcatus 
(Burghdorfer and Varma, 1967).
Geographical movement towards the West results in a change 
from the RSSE to the CEE subtype of virus. CEE viruses are 
principally transmitted by I. ricinus ticks. Vertebrates 
acting as primary and amplifying hosts for J. ricinus ticks 
include a number of ground birds, rodents, cattle, goats and 
deer. Evidence of transovarial transmission of the virus in 
the J. ricinus tick exists (Burghdorfer and Varma, 1967).
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Further species of tick are important for the transmission 
of other medically important TBE complex viruses. OHF virus is 
transmitted by Dermacentor piatas. Rodents, particularly water 
voles (Mvicola terrestris), act as the primary viraemic host. 
Direct rodent to rodent transmission of the virus is thought to 
occur frequently, but vhen man becomes infected, the epizootic 
host, the nuEkrat, is most usually involved (Monath, 1989). 
The primary vector of KFD virus is the Haemaphysalis species of 
tick, although other ticks may be important reservoirs 
(Banerjee, 1988). Monkeys are thought to serve as amplifying 
hosts for the virus, after they accumulate Dermencentor larvae 
from the forest floor.
Tick-bome diseases are usually at their peak from May to 
June and from September to October, vhich coincides with the 
adult ticks' most active periods (Monath, 1989). Although 
ticks act as a natural reservoir and overwintering mechanism 
for virus, horizontal transmission between vectors and 
vertebrates is required for endemicity (Monath, 1989).
It should be noted that a number of flaviviruses, SLE, 
Powassan, WN, and YF viruses may be transmitted by both tick 
and mosquito vectors. SLE virus strains have been isolated 
from ticks (Trent et al., 1981). WN virus has been found to 
infect both soft and hard ticks under both natural and 
experimental conditions (Hurlbut, 1956). YF virus has been 
isolated from ticks in Central Africa, a finding which raised 
the possibility that alternate vectors may play a role in
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dispersal or in dry-season maintenance of the virus (Saluzzo et 
al., 1980). Powassan virus has been isolated from mosquitoes 
in Russia, but not in North America (Artsob, 1988). The 
possible importance of this ability to utilise both mosquito 
and tick vectors is not clear.
1.5.4 Pathogenesis of TBE virus infections.
A general scheme for the dissemination of flaviviruses is 
shown in Figure 1.4. The pathology of the encephalitic TBE 
diseases has been reviewed by Zilber and Soloviev (1946) and 
the findings are shnilar to those found for other flaviviral 
encephalitides.
The encephalitides caused by infection with a virus of the 
RSSE subtype may cause gross changes vhich include swelling, 
congestion and petechial haemorrhages. Furthermore these 
viruses have a tropism for neurones of the grey matter of the 
medulla oblongata and upper cervical cord. Localisation of the 
disease leads to a syndrome affecting motor and sensory 
functions of the upper nadc followed by atrophy and flaccid 
paralysis. Histopatholological findings confirm the
pathological situation with alterations including: meningeal 
perivascular inflammation; neuronal degeneration and necrosis; 
neurophagia and glial nodule formation involving cerebral and 
cerebellar cortex, brain stem, basal ganglia and spinal cord 
(Zilber and Soloviev, 1946).
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F I G U R E  1.4
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The enœphalitides caused by infection with a virus of the 
CEE subtype are considerably milder; the more severe symptoms 
vAiich have been described are only present in a small 
proportion of cases.
The clinical syndromes associated with infection with 
those flaviviruses associated with encephalitis may differ 
widely. However there are three basic clinical syndromes, the 
details of vdiich are shown in Table 1.3.
The pathology seen with those TBE complex viruses causing 
haemorrhagic fever, KFD and OHF viruses, consists of 
haemorrhagic pneumonia and necrotic changes in the liver and 
spleen, reticuloendothelial cell proliferation and a marked 
erythrophagocytosis (Iyer et al,, 1960; Liu and Griffin, 1982). 
In addition there is a dilation and increased permeability of 
the capillaries without inflammation or destructive processes. 
However the pathogenesis of haemorrhage in this disease is not 
well understood (Shope, 1980).
An apparently unique feature of this complex of the 
flaviviruses is their ability to cause persistent infections in 
experimental animals and thus, possibly, in humans. KFD virus 
may survive for months in experimental animals in the notable 
absence of neutralising antibodies and yet symptoms of 
paralysis and low titres of virus may be found in the brain 
(Price, 1966).
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The pathology caused by TBE virus infections in sheep 
reveals interesting differences. Encephalitis in sheep follows 
a subacute or chronic progressive course. The virus causes 
neuronal degradation and inflammatory changes in the brain-stern 
and cerebellum of sheep, producing the characteristic ataxic 
disease (Doherty and Reid, 1971). In conjunction with the 
damage to the cerebellum, there is severe chromatolysis and 
astrocytosis that is characteristic of TBE infections seen in 
other vertebrates (Monath, 1989).
1.6. TBE vaccine development.
A number of vaccines have become available for the 
prevention of the RSSE subtype of TBE virus over the years. 
Prior to World War II, formalin-inactivated mouse brain 
preparations were used as vaccines in the USSR. This vaccine 
represented the first flavivirus vaccine to be used in man and 
only the third vaccine to be developed (Stephenson, 1988). 
Although two doses of this vaccine gave 90% protection rates 
(Smorodintsev and Il'eriko, 1962), the presence of myelin 
protein in the vaccine preparation resulted in a number of 
allergic responses in vaccinees. Attempts to remove these 
proteins were largely unsuccessful (Lebkovich at al., 1966).
Twenty years later, experimental vaccines were prepared in 
chick embryo cells for the first time. The resultant vaccines, 
however, did not produce hi^ levels of protection in 
volunteers and were also associated with some cases of post-
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vaccinal TBE (Shapoval, 1980). During the late 1970's, two 
highly purified chick embryo fibroblast grown vaccines derived 
from the RSSE subtype, strain Sofjin, (RSSE Sojin) virus were 
developed. These vaccines were purified ky a combination of 
either centrifugation, chromatography or percolation through 
macroporous glass. Later vaccines were purified by 
ultracentrifugation on sucrose gradients by a method of 
continuous flow zonal centrifugation (El'bert et al., 1985). 
Inactivation was effected by formalin. The vaccines produced 
in this way were only moderately immunogenic and they also 
produced some undesirable side reactions, so trials of these 
vaccines were discontinued (Popov et al., 1985).
In recent years, a number of workers have attempted to 
attenuate RSSE Sofjin virus in a green marmoset kidney cell 
line. Experimental vaccines have appeared to be highly 
immunogenic in man, but there is some doubt over the 
reactogenicity of the vaccine (Grachev et al., 1985).
Interest in the use of other strains of TBE virus for 
vaccination increased following the disclosure that inactivated 
TBE vaccines were able to induce immune responses of broad 
specificity (Il'enko et al., 1968). One particular virus, 
which received a great deal of attention, was a naturally 
attenuated TBE virus from Malaysia (Gordon-Smith, 1956), 
Langat, strain TP21. This virus will be further discussed in 
section 1.7.6.
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The earliest vaccines produced against the CEE subtype of 
TBE virus were produced in Czechoslovakia during the 1950's 
(Danes and Bender, 1960). A number of inactivated vaccines 
were produced against a number of CEE strains of virus, some of 
vhich produced good antibody responses and only mild reactions 
in vaccinees.
In 1970, however a collaborative programme between 
Austrian and UK scientists was initiated with the aim of 
producing an immunogenic vaccine to control TBE in Europe. 
This work produced a vaccine derived from CEE Neudoerfi virus. 
The vaccine virus was grown in avian cells, formalin 
inactivated, clarified by centrifugation and then purified by 
hydroxylapatite chromatography. Aluminium hydroxide was added 
as an adjuvant to enhance iramunogenicity (Kunz et al., 1980). 
This vaccine produced a high seroconversion rate, but also some 
side effects in vaccinees. The side effects were thought to be 
due to the presence of extraneous proteins in the vaccine 
preparation and so a further purification procedure involving 
rate zonal centrifugation was included (Heinz et al., 1980). 
Trials on this more highly purified vaccine revealed a loss of 
side effects without a reduction in the iramunogenicity of the 
vaccine (Kunz et al., 1980), so it is the current vaccine of 
choice against the CEE subtypes of TBE virus.
Similar studies to those performed on Langat virus were 
performed in an effort to produce an attenuated vaccine against 
CEE infection. A recent Czechoslovakian virus strain, Skalica,
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was considered to be a most promising candidate for live 
attenuated virus vaccine trials. Skalica virus has been shown 
to be naturally attenuated for mice and an inactivated vaccine 
preparation afforded good protection in a number of 
experimental animals (Gresikova and Sekeyova, 1980; Gresikova 
et al,, 1986).
Thus, efforts continue in an attempt to improve and 
broaden the range of vaccination against the TBE complex 
viruses (Klockmann et al., 1989; El'bert et al,, 1989).
A number of other vaccines have been produced against 
several of the viruses of the TBE antigenic complex. Louping 
111 (II), a disease predominantly of sheep, was the first 
flavivirus to be controlled by the use of a vaccine (Gordon, 
1934). This vaccine was prepared from the brain, spinal cord 
and spleen of II infected sheep, formalised and finally 
clarified by centrifugation. Field studies showed that this 
crude vaccine protected sheep against challenge with live virus 
(Gordon et al,, 1962). This vaccine was superseded by a 
formalised tissue culture grown virus (Brotherston and Boyce, 
1970). Two doses of this vaccine were shown to fully protect 
sheep from exposure to II virus (Shaw and Reid, 1981). 
However, the vaccine, made by Wellcome, has now been withdrawn.
Formalised, Kyasanur Forest disease (KFD) infected, tissue 
culture fluid was developed as a vaccine against KFD virus by 
Mansharamani et al,, (1957). The vaccine was inoculated into
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monkeys and a small group of human volunteers. Vaccine given 
to human subjects evoked a high degree of neutralisirg antibody 
in 72% of vaccinees and no unfavourable reactions were noted 
(Banerjee, 1988). However the vaccine is not widely available 
at the present time.
Some research has been uMertaken to produce a vaccine 
against Omsk haemorrhagic fever (OHF) virus. A formalinised 
vaccine was prepared in mouse brain. However this vaccine was 
shown to produce adverse reactions to the mouse brain 
components and work was discontinued (Los et al., 1949).
It is thus evident that there is only a single acceptable 
vaccine available against this antigenic complex of viruses, 
the vaccine against the CEE subtype of TBE virus (Heinz et al., 
1980). There remain many TBE cortplex viruses against vhich no 
vaccine is currently available.
1.7. Viruses of the TBE oonplex.
1.7.1. TBE virus.
The two subtypes of TBE virus, CEE and RSSE viruses, are 
closely related antigenically. They are however separable on 
the basis of serological testing (Clarke, 1964) and at the 
molecular level (Mandl et al., 1988; Mandl et al., 1989a;
Pletnev et al., 1990).
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TBE occurs in an endemic pattern over a wide area of 
Europe and the Soviet Union as shown in Table 1,1. and Figure 
1.3. As has been noted, the distribution of CEE and RSSE is 
closely allied to the distribution of its tick vectors, J. 
ricinus and J. persulcatus respectively (Zilber and Soloviev, 
1946; Gallia et al., 1949; Rampas and Gallia, 1949; Moritsch 
and Krausler, 1959; van Tongaren et al., 1955; Verani et al., 
1979). Furthermore members of the genera Dermacentor and 
Haemaphysalis have also been implicated in transmission, 
particularly in areas vhich do not support Ixodid ticks. 
Transmission to humans occurs primarily in young adults vho 
live, work or holiday in rural natural foci, these being 
predominantly farmers, shepherds, forestry workers and campers 
(Zilber and Soloviev, 1946). The disease occurs in two peaks. 
May to June and September to October, coinciding with the 
activity of the adult ticks.
The virus is maintained is a cycle involving tides and 
wild vertebrate hosts including rodents, shrews, moles and 
hedgehogs. Large mammals such as goats, sheep and cattle serve 
as hosts for the tick vectors, but viraemia levels are probably 
too low to infect vectors. However, the virus is secreted in 
the milk and human infection is known to result from the 
consumption of unpasteurised goat or sheep milk and cheese. 
These viruses differ from the rest of the flaviviruses in their 
ability to resist acidic pH, thus being able to resist 
inactivation by gastric acid and to successfully achieve 
infection via the oral route (Nosek, 1967). Thus outbreaks of
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the disease involving all age groups (as opposed to individual 
cases) can most usually be traced to the mass consumption of 
infected milk or cheese (Pogodina, 1983).
The annual incidence of disease varies considerably from 
year to year. In the period 1970 to 1990 there were 7,288 
hospitalised cases of CEE in Austria, and during 1990 alone, 
there were greater than 5000 cases in Russia (A.D.T. Barrett, 
personal communication, 1991). The intensity of transmission 
varies from year to year affected by a number of factors, 
including fluctuations in the small mammal population upon 
Wiich immature ticks feed.
The disease symptoms of CEE differ quite substantially 
from those of RSSE (Gresikova and Calisher, 1988). The 
symptoms of CEE are relatively mild and a low case fatality 
rate occurs. The course of the disease may be monophasic or 
biphasic; it is preceded by an incubation period averaging 
seven to fourteen days. Initial symptoms include: headache, 
nausea, vomiting, weakness, loss of appetite, hyperesthesia, 
photophobia and fever. During the acute phase, signs of 
neurological disorders, such as blurred vision and diplopia, 
are sometimes seen. The first phase of the illness, lasting 
four to six days, is accompanied by viraemia. In those 50% of 
patients in v^om biphasic illness develops, a brief remission 
occurs, followed by the return of fever and then signs of 
meningeal irritation (Radsel-Medvescek et al,, 1980a).
Approximately 20% of survivors of biphasic disease have
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neuropsychiatrie sequelae, vhich tend to be minor in degree 
(Radsel-Medvescek et al., 1980b). The case fatality rate is 1 
to 5%.
The clinical synptoms of RSSE are more serious and result 
in a significantly higher fatality rate. The disease is 
characteristically of sudden onset, following an incubation 
period averaging ten to fourteen days. Prodromal symptoms, 
including fatigue, insomnia and dizziness occur on rare 
occasions. The initial symptoms are high fever, headache, 
nausea, vomiting, hyperesthesia and photophobia. These 
symptôme are followed by stiff neck, sensorial changes, visual 
disturbances and variable neurological dysfunction, including 
paresis, paralysis, sensory loss and convulsions. In fatal 
cases vhich total approximately 30%, death occurs within the 
first week after onset of symptoms (Pletnev et al., 1990). The 
disease is generally found to be more severe in children than 
in adults. Neurologic sequelae occur in 30-60% of survivors, 
especially residual flaccid paralyses of the shoulder girdle 
and arms (Gresikova and Calisher, 1988).
The vaccines available for prevention of TBE disease have 
been discussed. Other important preventative methods include: 
the avoidance of a tick bite by use of protective clothing and 
repellents, health education, pasteurisation of milk and milk 
products and controlled use of pesticides.
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1.7.2. Louping 111 virus.
Louping 111 (LI) is the only TBE virus presently found 
existing naturally in the United Kingdom, It was recognised as 
a neurological disease of sheep in Scotland during the late 
nineteenth century (M'Fadyean, 1894). It was, however, a 
poorly defined condition. In 1932 it became clear that the 
disease was viral in origin and was transmitted fcy the sheep 
tick J. ricinus (Macleod and Gordon, 1932). By the 1930's it 
was recognised as a problem throughout most of the hill sheep 
farming areas of Scotland and Northern England (Greig et al., 
1931). Subsequently this disease, and diseases closely 
resembling it, have been recognised in South West England, 
Ireland and Wales and farther afield in Norway, Spain, Bulgaria 
and Spain (Walton and Kennedy, 1966; Hughes and Kershaw, 1957). 
Furthermore outbreaks have been described in Turkey, from #iich 
viruses resembling LI virus were recovered. The genomic 
nucleotide sequence of the virus responsible for such 
outbreaks, Turkish tick-bome encephalitis (TIE) virus (Hartley 
et al., 1969; Gonzalez et al., 1987) is further studied in 
Chapter 8.
Differentiation of LI virus, using a panel of MAk^ , 
suggests that this virus is a distinct member of the TBE 
antigenic complex of viruses (Stephenson et al., 1984). 
Further analyses of the genomic sequence of the structural 
proteins of LI virus confirms these findings (Shui et al., 
1991).
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Although LI is predominantly a disease of sheep, sporadic 
cases occur in cattle and in wild red grouse. The virus is 
also responsible for inportant economic losses due to infection 
of pigs, red grouse and deer (Reid et al., 1982).
The transmission cycle involves ticks and both sheep and 
red grouse, with other animals being affected only by accident, 
^proximately 35 cases have also been found in humans, the vast 
majority of vhich have been laboratory acquire infections. 
Naturally acquired infections are rarely described and tend to 
be limited to farmers and abattoir workers (Lawson et al., 
1949; Davison et al., 1948; Brewis et al., 1949). The human 
disease resembles CEE. The course of the illness is biphasic. 
The first phase is characterised by fever and weakness, 
followed by a second phase in vhich neurological illness 
becomes apparent with prominent cerebellar ataxia, 
hyperexcitability and progressive paralysis. (Reid and Doherty, 
1972).
Control of this disease in the absence of vaccine is 
effected by dipping, by using residual acaricides and by 
environmental control of ticks.
1.7.3. Negishi virus.
Negishi virus was isolated from the cerebrospinal fluid of 
a fatal human case in Tokyo in 1948 (Ando et al., 1952). A 
second fatal case was also described in the same year. In 1950
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a laboratory acquired infection was reported in vdiich fever, 
but no neurological signs, were seen (Okuno and Ho, 1961). The 
clinical symptoms seen in these two human patients resembled 
those of JE.
Early studies using HAI and adsorbed antiserum showed that 
Negishi virus was distinctly different from most other viruses 
in the TBE complex, with the exception of CEE and LI viruses 
(Clarke, 1964). Subsequent analyses using MAbs showed the 
virus to be more closely related to Langat virus and, in 
addition, an unexpected relationship to JE virus was also 
revealed (Heinz, 1986), More conclusions as to the derivation 
and relationship of this virus to other members of the TBE 
complex await the availability of genomic sequence data.
1.7.4. Omsk haemorrhagic fever virus.
All of the identified tick-bome viruses causing disease 
in humans are neurotropic with two exceptions : Omsk
haemorrhagic fever (OHF) and Kyasanur Forest disease (KFD) 
viruses. These viruses cause viscerotropic and haemorrhagic 
disease similar to that seen with YF, with an encephalitis only 
being noted as a terminal phase event.
OHF virus was first isolated in 1947, from the blood of a 
patient with haemorrhagic fever, during an outbreak in Omsk and 
Novosibirsk Oblasts, USSR (Konstantinov et al., 1948). Between 
1945 and 1958 a total of 1,500 cases were recorded in the Omsk
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region. Subsequently, the incidence of this disease has 
reduced dramatically, with only a small number of cases being 
recorded in the 1960's. More recently, individual cases are 
reported only on rare occasions, and are usually seen amongst 
muskrat hunters and their families (Fedorova and Sizemova, 
1964).
A number of antigenic strains of this virus exist 
including the Kubrin strain, ihich has been designated the 
prototype strain. Antigenic studies by Clarke (1964) showed 
that these viruses belong to the TBE complex. However, they 
are sufficiently different to be able to infect experimental 
individuals possessing neutralising antibodies to other members 
of the same complex. In addition, their distinct geographical 
location and very different clinical symptoms have determined 
that they be classified as a separate virus in the TBE 
antigenic complex.
The basic transmission cycle of OHF virus remains 
uncertain. The Ixodid tick vector, Dermacentor reticulatus, 
has been incriminated by field evidence and experimental 
infection (Netskii et al., 1965). However, other species are 
suspected to play a role in virus maintenance. Rodents, 
particularly water voles, are the principle viraemic hosts and 
it is thought that direct rodent to rodent transmission may 
occur. Muskrats also favour the aquatic habitat and these may 
be viraemic hosts, with OHF infection in them being severe and 
leading to a very high fatality rate of 80%. Human infection
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via these hosts is thought to occur by direct contact with 
their urine, faeces or blood.
The disease has an incubation period of two to four days 
followed by an abrupt onset consisting of fever, headache, 
myalgia, cough, bradycardia, gastrointestinal symptoms and 
leukogaenia. From the first days of illness the patient 
suffers from haemorrhages, particularly from the nose. In some 
patients a biphasic course is seen. The first phase, d^cribed 
above, lasting for six to eleven days is followed by an 
afebrile period of nine to twenty-one days and then by the 
appearance of the second phase consisting of fever and signs of 
meningoencephalitis. In such patients, the disease resembles 
CEE. Bronchopneumonia may complicate the disease in some 
patients. The case fatality rate is 0.5 to 3%, and sequelae, 
consisting of hearing loss, hair loss, and neuropsychiatrie 
complaints, are relatively common (Sizemova, 1962).
Although no vaccine is available, TBE vaccines apparently 
provide limited cross-protective immunity and have been used in 
high-risk populations (Los et al., 1949).
1.7.5. Kyasanur Forest disease virus.
The first cases of KFD were recorded in 1957, following 
the death of a large number of monkeys in the nearby Kyasanur 
Forest, Mysore State, India. Subsequently the virus was 
isolated from both the affected monkeys and Haemaphysalis ticks
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(O'Lima and Pavri, 1969). Since this first outbreak, epidemics 
have occurred every year, usually during the drier months, with 
the number of cases averaging between 400 to 500 per year. The 
incidence of the disease would appear to be spreading 
centripetally.
Human infections occur principally during the dry season, 
in persons having close contact with forested areas. The basic 
transmission cycle involves Ixodid ticks and wild vertebrates, 
principally rodents and insectivores. Bats and ground dwelling 
birds may also play a part in transmission. Large animals, 
including goats, cows and sheep may become infected, but 
viraemia is low, and their part in transmission is primarily as 
hosts sustaining tick populations. At least ten species of 
Ixodid ticks are thought to be involved in transmission, with 
Haemaphysalis spinigera being the principle vector (Banerjee, 
1988). Monkeys are thought to became infected with ticks 
during periods on the ground (Trapido et al., 1964). It has 
been found that the density of tick vectors correlates well 
with the incidence of human disease.
There is no documented record of KFD before 1956 and the 
question as to vAiether this virus was inported from another 
area or has evolved from an endemic virus, remains unanswered. 
In Asia, a number of TBE complex viruses exist, including OHF 
and Langat viruses (sections 1.7.4. and 1.7.6.). If KFD virus 
is a variant of either of these viruses, then the most likely 
carriers would have been birds. However, examination of
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thousands of migratory birds has not substantiated this 
hypothesis. Alternatively, it is possible that KFD virus has 
been circulating quietly amongst the ticks and small mammals 
for some time and that either a mutation to human virulence has 
occurred or an ecological change, rendering monkeys and humans 
more susceptible to exposure, has been effected.
Antigenic analyses by Clarke (1964) of three different 
strains of KFD virus found them to be sufficiently different 
from the other TBE complex viruses, yet similar to enou^ to 
one another, to be classified as a separate virus in the TBE 
antigenic complex.
The clinical picture in humans is very similar to that 
seen in OHF infection. The case fatality rate is 3 to 5%, with 
the cause of death usually being pulmonary oedema.
Research into a vaccine for this disease is ongoing. A 
killed vaccine of a formalised RSSE virus strain exists vÆiich 
provides a degree of protection in field studies (Banerjee,
1988). There is however, considerable scope for improvement 
and research is ongoing.
1.7.6. Langat virus.
LGT virus, strain TP21, (LGT TP21) was isolated from the 
tick, J. granulatus, in 1956 in Malaysia (Gordon-Smith, 1956). 
This virus was subsequently shown to be a member of the TBE
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antigenic conplex by serological techniques (Calisher et al.,
1989). Moreover these techniques showed that LGT virus would 
appear to be most closely related to the RSSE subtype of the 
TBE complex viruses.
The virus received a great deal of attention vdien it was 
discovered to be naturally attenuated for man, and certain 
other animals (Mayer, 1974). It appeared to be an ideal 
candidate for live vaccine trials and was assessed in 
Czechoslovakia as an experimental live vaccine against TBE. 
i^thogenic clones proved to be immunogenic on inoculation into 
monkeys and man; they also had the added advantage of being 
cross-protective. An attenuated clone of LGT TP21 virus was 
developed (E5) by the adaptation of the virus to avian cells 
(Thind and Price, 1966). It was shown to possess a high degree 
of genetic stability and a low level of virulence. The E5 
clone was a superior immunogen to earlier strains of LGT virus 
and produced humoral and cell mediated immunity in early 
trials. However, despite early optimism surrounding the use of 
this virus as an immunogen, high levels of reactogenicity were 
detected in subsequent trials and further development was not 
pursued (Il'enko et ai., 1968).
Recently the nucleotide sequence of the structural genes 
of LGT TP21 virus has beœme available (Mandl et al., 1991b) 
and a putative evolutionary relationship of LGT virus to other 
viruses has been derived from amino acid homologies. The virus 
is confirmed as a member of the TBE complex, but it is more
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distantly related to CEE, RSSE and LI subtype viruses than had 
been previously supposed. Furthermore studies carried out for 
this thesis both on this strain and another LGT virus strain, 
TP64, confirm these findings (Chapter 9). It is also 
interesting to note, that another naturally attenuated TBE 
strain, Yelantsev virus, vhich had also undergone vaccine 
trials in the USSR (Dubov et ai., 1972), was also found to be 
virtually identical to LGT TP21 virus. It is thus suggested 
that both these strains of virus are, in fact, one aixi the same 
virus (Mandl et ai., 1991b).
1.6.7. Fowassan.
Powassan virus was isolated, in 1958, from the brain of a 
five year old boy vho developed a fatal encephalitis (McLean 
and Donohue, 1959). The virus was named after the town of 
Powassan in Northern Ontario where the boy lived. In fact the 
virus had been isolated earlier frcan an IxcxJld tick, in 
Colorado in 1952, but the connection between this and Powassan 
virus was made subsequent to the fatality. Powassan virus has 
also been isolated outside North America in the USSR (Lvov et 
al., 1974).
The virus has been identified, using HAI tests, as a 
member of the TBE complex, but one vhich is very distinct from 
all other virus members (Lvov et al., 1965). This distinctness 
was subsequently confirmed by HI tests by Gresikova and 
Sekeyova (1984). Cross neutralisation tests have confirmed the
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distant relationship between Powassan and other members of the 
TBE complex (Calisher et al., 1989).
Powassan virus has a wide distribution in both eastern and 
western United States and Canada. Approximately 20 cases, 
mostly in children, have been reported in Ontario and the 
eastern United States with a single resultant fatality. The 
virus has been isolated from ticks and mosquitoes in the USSR 
vhere it has also been reported to cause human disease.
In North America, the virus is transmitted in a cycle 
involving small mammals (mainly squirrels and ground hogs) and 
four species of ticks, I.cookei, I. marxi, I. spinlpalpas and 
Derwencentor andersoni. Virus has also been found in the milk 
of a lactating goat. Therefore, milk-bome transmission is 
also possible, particularly as unpasteurised milk is a popular 
health food in this area (Woodall and Roz, 1977). In addition 
family pets have been implicated in bringing ticks into contact 
with patients (Wilson et al., 1979).
Powassan infection is characterised by a variable period 
of fever and non-specific symptoms, followed by signs of 
meningeal irritation and encephalitis, which is often of a 
severe nature. Sequelae are frequent and resemble those seen 
in cases of RSSE infection.
The number of human infections is low and therefore the 
predominant mode of control is in the prevention of tick access
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to humans. This is best effected by protective clothing,
avoidance of bushy areas, use of repellents and control of tick 
infestations of domestic animals. No vaccine is available or 
is deemed necessary in view of the low number of infections 
vhich occur.
1.8. The polymerase chain reaction.
The polymerase chain reaction (PCR) is an enzymatic method 
for the in vitro amplification of specific DMA fragments, 
invented by Kary Mullis and co-workers, vhich has revolution­
ised molecular biology (Saiki et al., 1985; Mullis et al., 
1986; Mullis and Faloona, 1987; Nkillis, 1990). PCR amplificat­
ion, shown in Figure 1.5., consists of using two 
oligonucleotide primers imhich flank the 'target' DNA segment, 
repeated cycles of heat dénaturation of template DNA, annealing 
of the oligonucleotide primers to their complementary sequences 
and extension of the annealed primers with DNA polymerase. The 
primers are designed to hybridise to opposite strands of the 
target DNA and are orientated such that DNA synthesis by the 
polymerase proceeds across the region between the primers, 
effectively doubling the amount of the target DNA. Since 
extension products are also complementary to, and capable of 
binding primers, successive cycles of amplification continue to 
double the amount of DNA synthesised in the previous cycle. 
The result is an exponential accumulation of the target DNA 
fragments by approximately 2^ , vhere "n" is the number of 
cycles of amplification performed. The primers are physically
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incorporated into the end of the extension products. They 
therefore define the primary product of the reaction, a 
discrete fragment, vhose length is the distance between the 5'- 
termini of the primers on the target DNA sequence.
The human B-globin gene was one of the first DNA sequences 
to be amplified by PCR (Saiki et al., 1985) and the specific 
amplification of single copy sequences from complex genomic 
samples continues to be one of the most common applications of 
this technique.
Initially PCR used the Klenow fragment of Escherichia coli 
DNA polymerase I to extend the annealed primers. However this 
enzyme was inactivated by the high temperature (94°C) required 
to separate the two DNA strands during dénaturation. 
Consequently fresh enzyme had to be added after the 
dénaturation in every cycle. The introduction of thermostable 
DNA polymerase, isolated from fermas aquaticus. Taq 
polymerase, transformed the process into a much simpler 
reaction vhich could be automated in a thermal cycling device 
(Saiki et al., 1988).
It rapidly became apparent that PCR could be used to 
amplify RNA sequences from complementary DNA (cDNA). This was 
first achieved by Seeburg and co-workers (P. Seeburg et al., 
1986, University of California at Los Angeles (UCLA) Symposium, 
unpublished.) The first published use of this technique to 
amplify the iriRNA of the mouse ornithine transcarbamylase gene
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(Veres et al., 1987) described the use of reverse transcriptase 
to produce a cDNA-RNA. hybrid %hich was subsequently amplified 
using the PCR. This modification has made it possible to 
obtain sequence data from defined regions of viral genomic RNA.
This system has been adapted in these studies to produce 
amplified cDNA fragments of target regions of vRNA from the 
structural gene regions of viruses of the TBE complex.
1.9. Nucleotide sequence data of the TBE antigenic complex
of viruses.
The earliest available nucleotide sequence data for
viruses of the TBE complex was the partial nucleotide sequence
of the structural protein genes of RSSE Sofjin virus (Pletnev 
et al., 1986). The completed form of this sequence, plus that
of the non-structural protein NSl, was published in 1988
(Yamshchikov and Pletnev, 1988). The deduced amino acid 
sequence of RSSE Sofjin virus was compared with sequences from 
YF (Rice et al., 1985) and WN viruses (Castle et al., 1985) and 
a high degree of homology was found. Furthermore it was found 
that the organisation of the structural gene region was the 
same as had been found for mosquito-bome f laviviruses. 
Subsequently, the nucleotide sequence for the complete genome 
of RSSE Sofjin was published (Pletnev et al., 1990). This 
sequence data showed that the genome was 10,477 nucleotides 
long, with a single ORF extending from nucleotide 127 to 10,363 
and encoding 3,412 amino acids. Both the 5' and 3* non-coding
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regions were found to contain stem-loop secondary structures. 
The genomic structure and the polyprotein were confirmed to be 
more similar to YF virus than to any other flavivirus sequenced 
at that time.
In 1988, the nucleotide sequence of the structural protein 
genes of CEE Neudoerf 1 virus was published (Mandl et al., 
1988). In 1989 the nucleotide sequence of the non-structural 
proteins was published, thus completing the genomic sequence of 
CEE Neudoerf 1 virus (Mandl et al., 1989a). The sequence data 
showed that the genome was 10,468 nucleotides long, with 3' and 
5* non-coding regions 132 and 114 nucleotides respectively. It 
was found that the organisation of the structural gene region 
was the similar to that found for RSSE Sofjin virus. However, 
the 3 ' non-coding region was found to be considerably shorter 
than that found for mosquito-bome flaviviruses. Subsequent 
data (Mandl et al., 1991a) has revealed the existence of two 
different 3' non-coding regions in different CEE virus strains;
114 nucleotides long, polyadenylated e.g. CEE Neudoerf 1 virus.
461 nucleotides long, not polyadenylated e.g. CEE, strain %pr (CEE Hypr) virus.
The reasons for these different 3* non-coding regions has 
yet to be elucidated (Mandl et al., 1991a). As has been
discussed, (section 1.2.2.) genomic RNAs of mosquito-bome 
f laviviruses appear to lack a 3 ' poly (A) tract but instead 
terminate with the conserved dinucleotide CÜ (Wengler et al., 
1978; Wengler and Wengler, 1981; Deubel et al., 1983). This
64
includes ninety nucleotides at the 3 ' end vhich can be 
organised into a stable hairpin loop structure (Brinton et al., 
1986; Grange et al., 1985). The second type of 3' non-coding 
region, described above, more closely resembles this common 
mosquito-bome flavivirus pattem, but it lacks primary 
sequence elements which are conserved among other flavivirus 
genomes.
Sequence homologies of the coding regions of CEE Neudoerfl 
virus with other flaviviruses were determined and corresponded 
well to established serological classifications. N-
glycosylation sites were found to be conserved within the same 
serological subgroup, but not between members of other 
subgroups.
The genomic sequence of the structural proteins of LI 
virus (Shiu et al., 1991) was found to have greater homology 
with tick-bome than with mosquito-bome viruses and greater 
homology with the CEE subtype rather than the RSSE subtype of 
the TBE viruses. The molecular organisation is the same as 
that found for other flaviviruses. Furthermore these studies 
confirmed earlier findings that the glycosylation sites were 
conserved among the TBE virus complex.
Most recently the sequence of the genes encoding the 
structural proteins of the low-virulence LGT TP21 arxi Yelantsev 
viruses have been published (Mandl et al., 1991b). Peptide 
mapping and MAb studies had previously yielded identical
65
patterns for both these viruses vhich were, however, distinct 
from patterns obtained for any other TBE virus. Sequence 
analyses confirmed this distinctiveness and proved the virus to 
be one and the same strain. Inspection of the deduced amino 
acid sequence of both these viruses further revealed the 
presence of potential protease cleavage sites, signal 
sequences, stop transfer elements and hydrophobic transmembrane 
anchors vhich corresponded well with the homologous sequences 
of those flaviviruses analysed to date.
1.10. Amino acid sequence homology of flaviviruses.
The antigenic and evolutionary relationships between 
viruses of this complex are most usually based on the 
percentage homologies found between the structural protein 
genes of the different flaviviruses. These homologies are 
calculated from aligned amino acid sequences as percentage 
identical amino acid residues, with gaps being counted as 
mismatches.
The different structural proteins are exposed to different 
evolutionary pressures. The C and prM/M proteins are less 
exposed to the host immune system defence system and are found 
to be more variable than the E protein. The E protein is the 
major membrane associated protein and possesses many of the 
determinants concerned with the biological activity of the 
virus including mediation of receptor binding to host cell 
receptors (section 1.2.3.1.). The flavivirus life cycle
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includes alternating hosts, a mammal and an insect. The 
ability of the virus to gain entry and exist in two different 
host systems imposes structural constraints which are necessary 
in order to maintain the essential functions mediated by the E 
protein. Therefore it is to be ejqjected that there would be 
less flexibility in the structure of the E protein than would 
be possible for the other structural proteins.
Therefore, it may be argued that a comparison of the E 
protein data is indicative of the serological relationships 
between the different viruses of this subgroup, whereas a 
comparison of the proteins C and PrM/M may provide more 
relevant parameters ipon which to base estimates of the 
evolutionary relationships of the flaviviruses (Mandl et al., 
1988).
Comparative studies of the amino acid sequence data of the 
E proteins of a number of flaviviruses do indeed reveal a close 
correlation between the sequence homology of E proteins and the 
conventional serological data. Furthermore, homology studies 
of the amino acid sequence data of C and PrM/M proteins show 
less correlation; considerably more variability is frequently 
observed.
However it should be noted that recent studies have also 
compared the amino acid sequences of the NSl protein, a protein 
imhich is known to have a number of forms, one of yhich is known 
to induce neutralising antibodies, (section I.2.3.2.). Such
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studies have shown that comparison of this protein also largely 
reflect the serological classification of the flaviviruses 
(Mandl et al., 1989a).
Analyses of the homology of the amino acids of the 
structural proteins of RSSE Sofjin virus to other flavivirus 
subgroups have shown that, apart from other viruses of the TBE 
complex, this virus is most closely related to YF virus with 
respect to its E protein, 42% homology. The homology of the C 
protein to YF virus also confirms this relationship (30.4% 
homology). However the M protein has the highest homology to 
SLE virus, at 30.3%, as compared to that for YF virus vhich is 
only 26.3%. (Pletnev et al., 1990).
Analyses of the amino acids of the structural proteins of 
CEE Neudoerfl virus show a close homology to the structural 
proteins of RSSE Sofjin virus (C:86%; M:88%; E:96%) (Mandl et 
al., 1988). However, the C protein was found to have a 
hydrophilicity profile vÆiich exhibited features quite distinct 
from other flaviviruses.
Interesting aspects of the relationships between II virus 
and the CEE and RSSE virus subtypes were revealed by an 
analysis of the homologies between the amino acids of the 
structural proteins (Shiu et al., 1991). The relative
homologies of the C and M proteins revealed a close genetic 
relationship between II virus and both CEE and RSSE virus 
subtypes. In fact the degree of homology between II and CEE
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Neudoerfl viruses was greater than was that between RSSE Sofjin 
and CEE Neudoerfl viruses. This analysis implies that LI and 
CEE Neudoerfl viruses are probably varieties of a common tick- 
bome ancestral virus. Furthermore, the sequence homology data 
from the C and M proteins of the three tiok-bome virus 
sequences available showed a high degree of relative homology 
vhich averaged at approximately 90% among members of the TBE 
conplex, in contrast with a figure of 70% among members of 
other flavivirus complexes. Hence tick-bome flaviviruses may 
have been subjected to evolutionary immune selection pressures 
different from those of the mosquito-bome flaviviruses.
Analyses of the amino acids of the structural proteins of 
LGT TP21 and Yelantsev viruses showed both E proteins as having 
an 88% homology with both CEE Neudoerfl and RSSE Sofjin 
viruses. Therefore the CEE, RSSE and LI viruses are more 
closely related to each other than any one of them is to LGT 
TP21. The amino acid sequence of the M protein differs more 
than that of the C protein from the corresponding sequences of 
other tick-bome flaviviruses (M: 60-64%; C: 70-75%) (Mandl et 
al., 1991b). The closest homology seen between the C and M 
proteins existed between Yelantsev, LGT TP21 and RSSE Sofjin 
viruses. Therefore, LGT virus would appear to be the most 
distantly related, both serologiczally and evolutionarily of any 
of the other viruses of the TBE antigenic complex sequenced to 
date.
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1.11. Moleculeu: basis of attenuation in viruses of the TBE 
oomplex.
A number of viruses of the TBE conplex vdiich are naturally 
attenuated for humans, including, LGT TP21, LGT TP64, Yelantsev 
and Skalica have received much attention in the search for a 
TBE vaccine. The nature of this attenuation is of great 
interest, and potential usefulness, and a number of studies 
have been undertaken to try to assess its molecular basis.
The availability of a putative structural model for the E 
protein of CEE Neudoerfl virus (Figure 1.2.) provided a model 
upon which to base studies of the amino acid substitutions. By 
growing CEE Neudoerfl virus in the presence of E protein 
specific neutralising MAbs, seven neutralisation escape mutants 
were selected (Holtzmann et al., 1990; Heinz et al., 1990b). 
Comparative sequence analyses demonstrated that one of the 
mutants differed from the wild type by a single amino acid 
substitution at positions 384 in domain B of the E protein 
(Figure 1.2.). This mutant revealed strongly reduced 
pathogenicity after peripheral inoculation into adult mice, 
yiilst retaining its capacity to replicate in mice and to 
induce a high-titred antibody response. Furthermore, infection 
with the attenuated mutant resulted in resistance to challenge 
with a virulent CEE virus strain, CEE Hypr.
Subsequent investigations of LGT TP21 and Yelantsev 
viruses (Mandl et al., 1991b) studied changes in the genomic
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sequences with the aim of elucidating the molecular nature of 
this attenuation. However, a comparison of the E protein of 
this virus with CEE Neudoerfl virus showed a total of *62 amino 
acid differences, including 29 non-conservative changes. A 
number of these single point mutations mapped to domain B, at 
positions 331, 349, and 389. One of these mutations is located 
very close to that found in the study just described and to a 
similar attenuating mutation found in MVE virus (Lobigs et al.,
1990). These studies provide some evidence that particular 
sequences within the antigenic domain B may represent regions 
involved in the determination of virulence and attenuation.
However, it is likely that this is only one of several 
specific mechanisms vhich determine the virulence of 
flaviviruses. Extensive studies with several different viruses 
have revealed that virulence is multifactorial and depends on a 
variety of viral and host factors (Tyler and Fields, 1990). 
The biological significance of the sequence differences between 
attenuated and virulent strains awaits the availability of an 
infectious cDNA clone to specifically test the relevance of 
individual mutations involved in the attenuation of TBE complex 
viruses.
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AIMS OF THE THESIS.
Previous determinations of the nucleotide sequence of 
flaviviruses had used either molecular cloning or primer 
extension sequencing. The structural protein coding regions of 
two tick-bome encephalitis (TBE) viruses had been obtained in 
this way. No published methodology existed for the reverse 
transcription (RT) and subsequent amplification, by the 
polymerase chain reaction (PCR), of flaviviral RNA. The 
primary aim of these studies was, therefore, to develop a 
methodology for the RT and amplification of flaviviral RNA.
The secondary aim was to utilise this methodology to 
determine the sequence of a number of structural protein genes 
of viruses of the TBE complex of the Flaviviridae. It was 
intended to study the importance of any nucleotide and amino 
acid substitutions, in relation to TBE viruses in particular 
and flaviviruses in general. Furthermore it was intended to 
perform sequence analyses to investigate three different 
interesting phenomena: the remarkable imimunological and
biochemical homogeneity thought to exist between a number of 
the Central European (CEE) subtype viruses; the molecular basis 
for attenuation and virulence with particular reference to 
Langat (I/GT) virus strains; and the nature of the relationship 
between Turkish tick-bome encephalitis (TTE) virus and other 
viruses of the TBE complex, with particular reference to 
Louping 111 virus, vhich, like TTE virus, also causes an 
encephalomyelitis in sheep.
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CHAPTER 2.
Materials and methods.
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2.1. Materials.
Aldrich Chemical Company Incorporated:
High performance liquid chromatography grade water.
Alfa:
Methylmercury hydroxide.
Amersham International ole. :
Deoxynuclœtide 5'-(o:-[^ S^] thio) triphosphate (specific 
activity: >1000 Ci/ramol), RAV-2 reverse transcriptase.
Applied Biosvstems:
All solvents, columns and reagents for oligonucleotide 
synthesis.
BDH Chemicals:
All laboratory chemicals, unless otherwise stated.
Boehrincfer Mannhetm:
All molecular biology enzymes, unless otherwise stated. Also: 
isopropyl-beta-thio-galactopyranoside, lysozyme, PAGE I ™  
sequencing gel mix (19:1), pUC18/19, Taq DNA polymerase.
Cambridge Bioscience:
Sequenase (version 2.0) Kit.
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PifCO Laboratories:
Bacterial culture media, bacto-agar.
Falcon;
2059 polypropylene tubes.
Flow Laboratories. U.K.:
Eagles minimal essential medium (EMEM), L-glutamine, non- 
essential amino acids, sodium bicarbonate, foetal calf serum 
(FCS), trypsin, 2.5% (w/v) in Hanks salts.
Fuji Photo Film Companv Limited:
RX (blue sensitive) X-ray film, 20 x 40 cm.
Polaroid films - Type 665 positive/negative, black and vAiite 
instant.
- Type 667 positive, black and white instant.
Gibco-BRL:
Agarose (ultra-pure), formamide, phenol, T4 DNA ligase, 
0X174/Hae III and Lamda/Hind III DNA molecular weight markers, 
3M electrical tape.
Johnson and Johnson:
Disposable gloves.
International Biotechnoloov Incorporated: 
5-bromo-4-chloro-3-indolyl-beta-galactopyranoside.
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May and Baker;
All solvents (Analar grade) ; chloroform, ethanol, glacial 
acetic acid, hydrochloric acid, methanol, diethyl ether.
Millipore:
0.2 jM filters.
Nunc:
Six well microtitre plates, 175 cm^  culture flasks.
Qxoid:
Phosphate buffered saline tablets.
Perkin Elmer Cetus:
AnpliTaq"^ recombinant Taq DNA polymerase.
Pharmacia:
DNA polymerase I Klenow fragment, proteinase K.
Promecfa:
RNAasin ribonuclease inhibitor.
Sicrnia Chemicals. U.K.:
Adenosine 5'-triphosphate (disodium salt), ammonium
persulphate, anpicillin, beta-propriolactone, diethyl- 
aminoethy 1-dextran, diethyl pyrocarbonate, N, N-dimethy 1- 
formamide, dimethyl-dichlorosilane, dimethyl sulfoxide, DL- 
dithiothreitol, ethidium bromide, disodium ethylenediamino-
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tetracetic acid, 8-hydro>yquinoline, isoaityl alcohol, R- 
mercaptoethanol, mineral oil. Noble agar, nonidet P-40, 
penicillin G, polyethylene glycol 6000, polynucleotide kinase, 
gamma-methacarylojypropyltrimethoxY silane, sodium dodecyl 
sulphate, spermidine free base, streptopmycin sulphate, 
N,N,N',N'-Tetramethylethylenediamine, Tween 20, trizma base, 
urea (ultra-pure).
Sterilin:
5 ml bijoux, 20 ml universal bottles.
Stratech Scientific Limited; 
Geneclean 11^ kit.
Strataqene:
E. coli Sure™ strain conpetent cells.
Treff:
MCC tubes.
2.2. Sterilisation of culture media and buffers.
All media and buffers were sterilised by autoclaving at 
121°C (15 pounds/square inch (PSI) ) for 15 minutes (mins) or ky 
filtration through a 0.2 /M Flowpore D-filter. Except vhere 
indicated, Milli Q grade water was used in the preparation of 
all media and buffer solutions and is referred to as 'water' 
throughout this thesis.
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2.3. Diethyl pyrooarbonate (DEPC) treatment.
To obtain good preparations of RNA it is necessary to 
minimise the activity of RNAases. Glassware and plasticware 
were treated with DEPC vdiich is a strong, but not absolute, 
inhibitor of RNAases (Fedorcsak and Ehrenberg, 1966).
Glassware and plasticware were soaked overnight in a 0.1% 
(v/v) solution of DEPC in water. The solution was discarded, 
the containers were rinsed with ethanol and then autoclaved 
before use.
2.4. Cell cultures.
2.4.1. Cell lines.
The cell lines used in this study, for the propagation of 
viruses, were obtained from the liquid nitrogen stock at the 
University of Surrey. The Vero cells (Eÿ)som Public Health 
Laboratory, U.K.) were derived from African green monkey 
(Cercopithecus aethiops) kidney cells (Yasraura and Kawakita, 
1963). The LLC-MK2 cells (Flow Laboratories, U.K.) were
derived from Rhesus monkey (Macaca rhesus) kidney cells (Evans 
et al., 1964).
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2.4.2. Cell maintenance.
Cells were grown and maintained in the presence of Eagles 
minimal essential medium (MEM) supplemented with 2 mM L- 
glutamine, 1 mM non-essential amino acids, 20 iriM sodium 
bicarbonate, 100 units/ml penicillin G, 0,1 mg/ml streptomycin 
sulphate and 1% (v/v) foetal calf serum (FGS). Cells were 
incubated at 37°C, in the presence of 5% carbon dioxide, prior 
to sub-culturing. The sub-culturing of the cells was 
accomplished by the trypsinisation of the confluent monolayer 
(trypsin, 2.5% (w/v) in Hanks salts), prior to distribution of 
dispersed cells into fresh culture flasks as described by 
Lennette and Schmidt (1969). Cells were normally amplified at 
a split ratio of 1:5.
2.5. Viruses.
The derivations of the tick-bome encephalitis viruses 
used in this study are shown in Table 2.1.
2.5.1. Virus propagation.
Viruses were grown in Vero and LLC-MK2 cell monolayers 
which were 80% confluent. These monolayers were prepared by 
washing once with phosphate buffered saline (PBS). The 
monolayers were then infected by inoculation of virus at a 
multiplicity of infection of 0.1-1.0 plaque forming units 
(pfu) /cell. Virus was allowed to absorb to the cell ^eet by
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incubation at rocan temperature for 30 rains prior to the 
addition of cell maintenance medium. Cultures were incubated 
at 37°C, in a 5% carbon dioxide atmosphere, until cytopathic 
effect was evident in 90-100% of the cells (24 - 72 hours).
2.5.2. Virus purification.
This was effected using two methodologies. In the first, 
gradients were used to produce highly purified virions, largely 
free from contaminating cellular debris. The second 
methodology used centrifugation only to produce a less purified 
•crude' virion preparation.
2.5.2.1. Virus purification utilising gradients.
Culture fluids were clarified by low speed centrifugation 
(10,000 revolutions per minute (rpm) ) for 30 mins at 4 %  in a 
Beckman HS21 rotor. From this stage onwards, all glassware and 
centrifuge buckets were DEPC treated, all plasticware was 
purchased gamma irradiated and assumed to be RNAase free and 
disposable gloves were worn throughout all handling procedures. 
Virus was precipitated from the clarified medium by the 
addition of 7 g polyethylene glycol (PEG) 8000 per 100 ml of 
medium and by stirring slowly for 3 hours at 4°C. Virus was 
pelleted by centrifugation at 10,000 rpm for 30 mins at 4°C in 
the Beckman HS-21 rotor, and resuspended in 1 ml of TE buffer 
(10 mM Tris-HCl pH 8, 1 mM disodium EDTA) with the aid of a 
sterile plastic pasteur pipette. The virions were then layered
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onto a potassium tartrate-glycerol gradient (30% (v/v) glycerol 
to 45% (w/v) potassium tartrate, both in TE buffer, pH 8) as 
described Obijeski et al. (1974) and purified by isopycnic 
centrifugation at 40,000 rpm for 3 hours in a Beckman SW40 Ti 
rotor. The virus band was recovered from this gradient, 
resuspended in a final volume of 1 ml TE buffer, pH 8, and then 
the virions were pelleted by centrifugation at 40,000 rpm for 3 
hours in a Beckman SW40 Ti rotor, îhe supernatant was removed, 
retaining sufficient only to cover the pellet, vhich was then 
allowed to swell at 4°C overnight (approximately 16 hours). 
After vigorous vortexing to resuspend the virus, the purified 
virus was either used directly in an RNA extraction or stored 
at -70°C until required.
2.5.2.2. Crude purification of virus.
Culture fluids were clarified by centrifugation at 10,000 
rpm for 35 mins at 4°C in a Beckman HS21 rotor. The 
supernatant was decanted into fresh tubes and the virus was 
sedimented by further centrifugation at 27,000 rpm for 6 hours 
at 4°C in the Beckman SW40 Ti rotor. The pellet was drained of 
supernatant and 100 fj.1 TE pH 8, was added. The pellet was 
allowed to swell at 4°C overnight and was then vigorously 
vortexed prior to use or storage at -70%.
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2.5.3. Virus titrations.
Virus titrations were performed in cell monolayers #iich 
had been seeded into six well plastic microtitre plates. 
Tenfold virus dilutions were prepared in PBS and 100 jitl samples 
of appropriate dilutions were inoculated into wells, the 
monolayers of vÆiich had been washed with PBS. Following 
absorption for 30 mins at room temperature, the monolayers were 
overlaid with 5 mis of Noble agar in EMEM srpplemented with 
0.04% diethylarainoethyl (DEAE) - dextran and 1% FCS. Viral 
plaques were visualised after 3 - 7  days, depending on the 
virus strain, by the addition of a 2 ml overlay of 1% agarose 
in medium containing 0.33% (w/v) neutral red vital dye (Barrett 
et al., 1989).
2.6. Viral RNA extraction.
The purified virions were dispensed into 50 jL6l aliquots 
and the total volume was made up to 500 ijlI with INE buffer (100 
mM Tris-HCl, pH 8.5, 50 iriM sodium chloride, 1 iriM disodium 
EDTA). Viral protein was digested with 0.1 mg of autodigested 
(37% for 15 mins) proteinase K for 30 mins at 37%. The 
digest was made 1% (w/v) with sodium dodecyl sulphate (SDS) and 
incubated for a further 15 mins at 37%. Protein was removed 
by three extractions with an equal volume of 
phenol/chloroform/ isoamyl alcohol/8-hydroxyquinoline (PCI)
mixture (phenol: chloroform: isoamyl alcohol: 8-
hydroxyquinoline = 25:24:1:0.1 equilibrated with an equal
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volume of TE buffer, pH 8, and kept at 4% in the dark). For 
each PCI extraction, an equal volume of PCI was added to the 
nucleic acid sanople, the sairple was thoroughly vortexed to form 
an emulsion, vAiich was then centrifuged at 14,000 rpm in an 
Eppendorf 5415C benchtop centrifuge (microfuge) for 2 mins at 
room temperature to separate the phenol and the aqueous nucleic 
acid-containing phase. The aqueous phase was trai^ferred to a 
fresh microcentrifuge (MCC) tube taking care to avoid the 
interface. After this first PCI extraction only, the aqueous 
phase was stored vhilst the phenolic phase was 'back extracted' 
by the addition of an equal volume of TE, pH 8, vortexing and 
centrifugation as described; this second aqueous phase was then 
combined with the first and the next PCI extraction was 
initiated. Residual phenol was removed from the aqueous phase 
by ether extraction: an equal volume of di-ethyl ether was 
added, the preparation vortexed and then centrifuged at 14,000 
rpm for 1 min at room temperature. The upper di-ethyl ether 
phase was removed and any residual di-ethyl ether was removed 
by incubating the preparation in the MCC tube, lid open, at 
68% for 10 mins. Viral RNA (vRNA) precipitation and pelleting 
was effected by ethanol precipitation : 2.5 volumes of chilled 
ethanol (-20%) and 300 mM sodium acetate pH 5.2 were added to 
the vRNA suspension, mixing ky inversion was performed, and 
precipitation effected at -70% for 30 mins. The vRNA was then 
pelleted by centrifugation at 14,000 rpm for 20 mins at 4% in 
a microfuge. The pellet was washed with 200 jUl of 70% chilled 
ethanol, a further centrifugation of 14,000 rpm for 5 mins at 
4% was performed and the pellet was dried in a cool oven
84
(40%). Resuspension was effected in 20 jul of high performance 
liquid chromatography (HPLC) water and the vRNA was quantitated 
by the spectophotometric method (section 2.7.1.). The vRNA was 
aliquoted and stored at -70%.
2.7. Quantitation of nucleic acid sanples.
2.7.1. Spectrophotcmetric quantitation.
The principle of this method (Maniatis et al., 1982) is 
based on the absorption of ultra violet (UV) light by the bases 
of nucleic acid. This method was routinely employed for 
nucleic acid samples greater than 500 ng. The principal 
disadvantage of this method is its failure to distinguish 
between degraded and undegraded nucleic acid.
The DNA or vRNA suspension was diluted 500 to 1000 fold in 
sterile HPIC water in a quartz cuvette. The absorbance 
readings at 260 (^ 2 5 0) 280 (A2 8q) nm wavelength were
measured using a Pye Unicon model PU8820 UV/VIS spectro­
photometer. Purified vRNA was quantitated by absorbance at 260 
nm assuming that one A2gg unit corresponds to 40 fjg/ml of vRNA. 
Purified DNA was also quantitated by absorbance at 260 nm, 
although one A2QQ unit corresponds to 50 jLtg/ml of DNA. The 
purity of the nucleic acid was assessed by the ratio of the 
optical density (OD) readings at 260 nm and 280 nm. Pure 
preparations of RNA and DNA have OD26q/^%80 values of 2.0 and 
1.8 respectively.
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2.7.2. Comparative intensity quantitation.
This less precise method (Maniatis et al., 1982) estimates 
the quantity of double stranded E»1A in a sample by quantifying 
the UV-induced fluorescence emitted by the intercalatjed 
ethidium tarcanide molecules. Uie level of fluorescence produced 
is proportional to the total mass of DNA and thus the quantity 
of DNA in a sample may be estimatzed by comparison with a known 
mass of molecular weight marker.
A known volume of the ütfk sanple of interest was 
electrcphoresed in an agarose gel with a known quantity of 
yt/Hind III or 0X174/Hae III molecular wei^t markers. Ihe gel 
was stained with a solution of ethidium bromide (0.5 jug/ml in 
TAB buffer (40 mM Tris-acetate, 1 itM EDTA)) and photographed 
under UV li^t on a UV transilluminator (Ultra Violet Products 
Incorporated). By comparing the intensity of the DNA band of 
interest to that of the molecular weight markers, a marker 
fragment band of similar intensity can be chosen and an 
estimation of the amount of ENA in the sample calculated, thus:
length of chosen marker fragment X wei^t of marker ENA used total length of marker ENA
2.8. Agarose gel electrophoresis.
Two different gel electrcphoresis kits were used dependent 
on the number of reactions, and sample volumes, to be run:
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Pharmacia: Gel electrophoresis apparatus GNA 100.
Gibco BRL Series 1087, Model H5.
The kits were assembled as recommended by the manufacturers. 
Agarose gels were prepared in TAB buffer at various 
concentrations (0.8 - 2% (w/v) ) dependent on requirements. The 
agarose powder was added to the buffer, heated by microwaving 
until molten and cooled to 55% before pouring to cast a gel. 
Once set, the TAB buffer was added, and the gel comb was 
removed. The samples were loaded into wells and
electrophoresed at 100 - 150 volts for various lengths of time 
(0.5 to 1.5 hours) depending on requirements. The gels were 
stained in a solution of ethidium bromide (0.5 /ug/ml in TAB 
buffer). The DNA bands were visualised using long wave UV 
illumination and photographed through an orange filter (23A) 
using Polaroid 665 (positive/negative black and vhite instant 
pack) film or Polaroid 667 (positive black and vhite instant 
pack) film.
2.9. Preparation of synthetic oligonucleotides.
Oligonucleotide primers were synthesised on an i^ p^lied 
Biosystems 381A synthesizer using phosphoramidite chemistry 
(Beaucage and Caruthers, 1981). Primers were removed from 
their supports in the snap column by drawing 2 mis of 35% (v/v) 
ammonia (4%) through, by syringe, at the rate of 200 /ul/20 
mins. The suspension was placed in a screw capped MCC tube and 
incubated at 55% for a minimum of 8 hours in order to
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deprotect the primers. The suspension was then cooled to room 
temperature and the primers precipitated overnight at -20% ky 
the addition of three volumes of chilled ethanol and 300 mM 
sodium acetate, pH 5.2. The primers were pelleted toy 
centrifugation, washed with 70% ethanol and dried in a cool 
oven. Resuspension was effected in 30 jLil of HPLC water and the 
primers were quantitated by akDSorbance at 260 nm assuming that 
one Aggo unit corresponds to 33 jug/ml of single stranded 
oligonucleotide primers. An aliquot of each of the primers was 
resuspended to a produce a working stock of 500 ng/jul and 
storage was effected at -20%.
The primers used in the amplification of the structural 
genes of a number of flaviviruses are listed in Table 2.2.
2.10. Synthesis of double-stranded cDNA.
2.10.1. Heat dénaturation of vRNA.
500 ng of vRNA was resuspended in a total volume of 4.5 fil 
of HPIC water. Heat dénaturation was performed at 94% for 5 
mins in a water bath and the sample was quick-chilled in ice 
water. *500 ng of anti-sense primers in a volume of 1 /xl, also 
heat denatured as described above, were added immediately after 
the dénaturation step had been completed, and the total volume 
was made up to 7 /xl.
(*Jt should he noted that when the low level methyl mercury
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hydroxide protocol for dénaturation (section 4.4.1,) was to 
follow heat dénaturation none of the steps following the 
asterisk were performed).
2.10.2, Reverse transcription of vRNA.
The following were added to the 7 /xl suspension of 
denatured vRNA: 3 /xl of reverse transcription (KT) mix to a 
final concentration of 50 mM Tris-HCl pH 8.3, 50 mM potassium 
chloride, 10 mM magnesium chloride, 3 mM dithiothreitol (DIT), 
0.1% Nonidet P40, 14 units RNAase inhibitor, 1 mM of each
deojynucleoside triphosphate (dNTP) and 7.5 units of RAV-2 
reverse transcriptase (RAV-2 RT). The volume of the final RT 
reaction mix was 10 /xl. Incubation was effected at 37% for 2 
hours.
2.10.3. Amplification of vRNA-dNA h^ arid.
The amplification of 5 1^ (half) of the RT reaction mix 
was effected in a final volume of 50 /xl to vhich was added 5 mM 
Tris-HCl pH 8.3, 45 mM potassium chloride, 0.5 mM magnesium 
chloride, 0.01% gelatin, 0.04% Tween 20 and 250 ng of sense 
primers. The volume was made up to 49.5 /xl with HPLC water and 
overlaid with 50 /xl mineral oil.
Arrplification was performed on all reactions in a Techne 
PHC-2 programmable temperature cycler. The amplification 
reaction mix was heated at 94% for 10 mins, to denature the
90
vRNA/cDNA and then, as the block cooled, 2.5 units of Taq DNA. 
polymerase (Taq), in 0.5 /xl, was added beneath the mineral oil. 
The first primer annealing was carried out at 40% for 2 mins 
and the subsequent extension at 72% for 3 mins. The mixture 
was then subjected to 28 cycles consisting of a 1 min 
dénaturation at 94%, a 2 min annealing at 40% and a 2 min 
extension at 72%. The final cycle incorporated a final 
extension of 10 mins.
2.11. Gel electrophoresis of the cDNA.
The mineral oil was removed by the addition of 100 /xl of 
chloroform, vortexing and removal of the organic solvent lower 
phase. 10 /xl TBE gel loading dye (50% (v/v) glycerol, 0.05% 
(w/v) bromophenol blue, 100 iiM Tris-HCl pH 8, 90.6 mM boric 
acid, 52 mM disodium EDTA) was added to the amplified product 
mix vhich was then separated by electrophoresis at 100 - 150
volts for 30 mins to 1 hour in a 2% agarose gel in TAE buffer
in a horizontal electrophoresis apparatus. The gel was stained 
in a solution of ethidium bromide (0.5 /xg/ml in TAE buffer), 
photographed on a UV transilluminator and the cDNA bands of 
correct size located toy comparison with molecular weight 
markers.
2.12. Recovery of cDNA from the agarose gel.
DNA was recovered from agarose gels using the Geneclean 
11^ kit. This system exploits the affinity of DNA molecules to
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silica matrices. The kit contains a specially formulated 
suspension of silica matrix called 'Glassmilk' vhich binds both 
single and double stranded DNA, without binding contaminating 
material, and the system routinely recovers 80-90% of DNA.
Gel slices containing the appropriate amplified cDNA 
fragments were excised and weighed and 3 volumes (w/v) of 6 M 
sodium iodide stock solution were added. The mixture was 
incubated at 55% for 2 mins, thoroughly vortexed and then 
incubated for a further 13 mins. 5 /xl (per 5 /xg DNA) of 
Glassmilk suspension was added, the mixture was vortexed and 
incubated at room tenperature for 5 mins. The silica matrix, 
plus adhered DNA, was then pelleted by a 10 second pulse at 
room tenperature in the microfuge, the supernatant was removed 
and was replaced with 50 volumes (v/v) of ice-cold New buffer 
(sodium chloride, ethanol and water - exact composition not 
available) and the pellet was thoroughly resuspended by 
pipetting. This last step was repeated twice more. The final 
removal of the supernatant was effected with great 
thoroughness. The washed pellet was resuspended in 10 /xl HPLC 
water and incubated at 55% for 3 mins. The silica matrix was 
then pelleted by pulsing in the microfuge for 30 seconds and 
the supernatant, containing DNA, removed to a fresh tube. This 
last step was repeated in a volume of 5 /xl of HPLC water, the 
second supernatant was added to the first and the DNA 
suspension was stored at -20% until use.
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2.13. Cloning of the virus ODNA.
Cloning of cDNA requires the cDNA fragment to be inserted 
into a vector vdiich is subsequently used as the 'vehicle' to 
transport the cDNA into a host cell. Within the cell the 
vector multiplies to produce multiple copies of the recombinant 
vector. The host cells also multiply to produce a colony 
(clone) of identical host cells. In this way, multiple copies 
of the recombinant vector are produced.
2.13.1. End filling of recessed 3' termini of CDNA
fragments.
Recessed 3 ' termini present on the amplified cDNA
fragments can be filled in using the large fragment (Klenow 
fragment) of DNA polymerase I. This creates a 'blunt end' 
suitable for ligation to a Sma I restricted vector.
'Blunt ending' was effected by incubating the 
'Genecleaned' cDNA fragments in a final volume of 20 /xl 
containing 50 nM Tris-HCl pH 7.5, 10 inM magnesium chloride, 0.1 
inM DTI, 0.4 itM each dNTP, 5.5 units of DNA Polymerase I Klenow
fragment. The reaction was incubated at room temperature for
45 mins and then placed on ice.
93
2.13.2. Kinasing of 5* termini of CDNA fragments.
The primers utilised in the polymerase chain reaction 
(PCR) form the basis from vhich the target DNA is extended. 
These primers have no 5' phosphate to enable later ligation to 
the vector. This is effected by bacteriophage T4 
polynucleotide kinase vhich catalyses the transfer of the gamma 
phosphate of adenosine 5' triphosphate to the 5' terminus of 
DNA (Richardson, 1971).
The following were added to the blunt ending reaction mix 
in a final volume of 50 /xl: 30 mM Tris-HCl pH 7.5, 6 mM
magnesium chloride, 3 mM DIT, 0.06 mM spermidine, 0.06 mM 
disodium EDTA, 2 mM adenosine 5' triphosphate disodium salt 
(ATP), and 20 units T4 polynucleotide kinase. The reaction was 
incubated at 37% for 70 mins and terminated by the addition of 
20 IriM disodium EDTA. Subsequently, a PCI extraction, followed 
by an ether extraction were performed. 100 ng Sma I restricted 
and phosphatased pUClS (see sections 2.13.4; 2.13.5.) was then 
added, and the DNA was precipitated by the addition of 2.5 
volumes of ethanol and 300 mM sodium acetate, pH 5.2. After 
incubation at -70% for 30 mins, the DNA was pelleted by 
centrifugation at 14,000 rpm for 20 mins at 4%, washed in 70% 
ethanol and dried in a cool oven. The resultant pellet was 
resuspended in 7.2 /xl of HPLC water.
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2.13.3. Plasmid pUC18.
Plasmid pUClS is a 2686-base pair (k^ ) derivative of the 
4362-bp pBR322 plasmid (Bolivar et al,, 1977; Sutcliffe et al,, 
1978). This plasmid contains a numfcier of useful improvements : 
the tetracycline antibiotic resistance gene of pBEl322 has teen 
deleted, but the ampicillin resistance gene and pBR322 origin 
of replication have been retained (Norrander et al,, 1983) ; a 
portion of the Escherichia coli (E, coli) lac operon has been 
engineered into the pUC series of plasmids (Vieira and Messing, 
1982; Messing and Vieira, 1982; Messing et al,, 1977) ; a 
polylinker containing a multiple cloning site (MCS) region has 
been engineered into the amino terrtiinus of the lac Z gene 
encoding kjeta-galactosidase. This MCS permits linearisation of 
the plasmid with 13 restriction enzymes (pUC18), thus allowing 
insertion of a variety of restriction fragments of foreign DNA 
into the plasmid. A map of this plasmid, also showing the MCS, 
in detail is given in Figure 2.1. The fcieta-galactosidase gene 
in the pUC18 plasmid is defective by itself, as is the gene in 
certain kacterial hosts (for example E, coli Sure™, 
Stratagene). However th^e inactivating mutations occur at 
different loci in the kDeta-galactosidase gene. Thus, although 
the E, coli host alone produces a defective enzyme, the host 
derived and pUC18-derived beta-galactosidase enzymes together 
complement each other (alpha complementation) to produce an 
active beta-galactosidase enzyme. This can )oe induced by 
isopropyl-fc)eta-thio-galactopyranoside (IPTG) to hydrolyse the 
galactosidase analogue 5-bromo-4-chloro-3-indolyl-beta-galacto-
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pyranoside (X-gal) to produce the blue pigment, bromo-chloro- 
indole, in cells which have been successfully transformed. 
Thus, bacterial colonies resulting from transformation with 
wild-type pUC18 are ampicillin resistant and are blue in colour 
due to the hydrolysis of X-gal. However, insertion of foreign 
DMA into the MCS within the beta-galactosidase gene of pUClS 
results in a defective enzyme which is not complemented by 
bacterial enzyme. Therefore no hydrolysis of X-gal occurs and 
vdiite 'colourless' colonies are produced. Thus, a combination 
of ampicillin resistance and histochemistry (X-gal hydrolysis) 
permits rapid one-step identification of bacterial colonies 
containing recombinant plasmid DNA.
2.13.4. Blunt end (Sma I) restriction digestion of 
pucis.
The vector was cleaved with the restriction enzyme Sma I 
vAiich produces a complementary blunt end to vAiich the blunt 
ended amplified cDNA fragment may be ligated.
5 /ug pUC18 was linearised by digestion with 20 units Sma I 
in a final volume of 50 jitl, containing 33 mM Tris-acetate pH
7.9, 66 mM potassium acetate, 10 mM magnesium acetate, 0.5 mM 
DŒT (incubation buffer A). Incubation was performed at 25°C for 
1 hour.
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2.13.5. D^hosphorylation of linearised pUClS.
Restriction enzyme digestion results in the exposure of 5’ 
phosphate groups. These groups are removed to prevent self- 
religation (Seeburg et al,, 1977; Ullrich et al., 1977) and to 
maximise the subsequent formation of recombinant molecules.
One unit of calf intestinal phosphatase (CIP), in 1 /il, 
was added to the digested plasmid and incubation was performed 
at 50°C for 30 mins. A further unit of CIP was added and 
incubation continued for a further 30 mins. The reaction was 
terminated by the addition of 10 jug autodigested proteinase K, 
in 0.5 /il, and a further incubation at 37°C for 30 mins. The 
final voluræ was made to 100 /il with HPLC water, a PCI 
extraction and a back extraction were performed, and the pUC18 
was precipitated by the addition of 2.5 volumes of ethanol 
together with 300 mM sodium acetate pH 5.2. The mixture was 
then cooled in a dry-ice/ethanol bath for 5 mins. The pUC18 
was pelleted by centrifugation at 14,000 rpm for 20 mins at 
4°C, washed with 70% ethanol and dried in a cool oven. The 
pellet was resuspended in 20 /il TE buffer pH 8 and the DNA was 
quantitated by spectrophotometric means and stored in aliquots 
at -20°C.
It is important to confirm that effective restriction 
digestion and phosjhatasing has been effected. This was done 
by sampling the reaction at appropriate stages (see below) and 
by appropriate test ligations. These ligations, #iere
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effected, were performed on the pUC18 and /I/Hind III in a final 
volume of 20 ul containing 1 unit of T4 DNA ligase plus 66 mM 
Tris-HCl 7.5, 5 mM magnesium chloride 1 nM DŒT, 1 mM ATP 
(xlO manufacturer's tuffer). All samples were electrophoresed 
in a 1% agarose gel in TAE buffer, the resultant ratA bands 
stained in a solution of ethidium bromide (0.5 Mg/ml in TAE 
buffer) and photographed on a UV transilluminator.
300 ng undigested pUClS.300 ng Sma I digested pUC18.300 ng Sma I digested and phosjhatased pUClS.300 ng religated Sma I digested and phosphatased pUC18.500 ng yi/Hind III molecular wei^t markers.500 ng 0X174/Hae III molecular wei^t markers. Religated >»/Hind III molecular wei^t markers.
The confirmatory results of one such monitoring are shewn in 
Figure 2.2. The photograph confirmed that phC18 had been 
effectively digested (Lane 2), and did not re-circularise after 
phosphatasing (Lane 4). Lane 7 confirmed that the ligase was 
working effectively.
2.13.6, Ligation of cDNA to pUCl8.
T4 E»ïA ligase will join blxant-ended EMA fragments to 
result in the maximum number of recombinant molecules vhen the 
ratio of insert:vector is 2:1 in terms of the termini of E»IA 
molecules used.
The followir^  were added to the 7.2 fj.1 of resuspjended Sma 
I restriction digested and phosphorylated cDNA fragments
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Lambda DNA - Hind III Digest
Fragment Number ofbase pairs
1 23,1302 9,4163 6,5574 4,3615 2,3226 2,0277 5648 125
^  174 RF DNA - Hae III Digest
Fragment Number ofbase pairs
1 1,3532 1,0783 8724 6035 310
6a 2816b 2717 2348 1949 11810 72
FIGURE 2.2
CONFIRMATION OF E F F E C T IV E  RESTRICTION  
DIGESTION AND PHOSPHATASING OF D Ü C 1 8
(1% agarose gel, conta ining  test samples  
taken during the given procedures ,  test l igations  
of appropriate samples,  plus contro ls )
6
Lane 1: Uncut  pUCIS
2: Digested pUC18
3: Sma I digested and phosphat lsed  pUCIS  
4: Rel igated Sma I d igested  and
phosphatased pUC18  
5: yt/Hind III molecular  weight  markers  
6: ^X 17 4 /H a e  lii molecu lar  weight  markers  
7: Religated 4 /H ind  Ml molecular  weight
markers
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(section 2.13.2.): 66 itM Tris-HCl pH 7.6, 5 ïïM magnésium
chloride, 1 iiM DTT, 1 mM ATP (xlO buffer supplied by 
manufacturer), 200-600ng Sma I eut and phosphatased pUC18
(calculated as insert : vector, 2:1) and 2 units of T4 DNA
ligase. Incubation was effected for a minimum of 16 hours at 
22°C and then a fivefold dilution was performed using TE 
buffer, pH 7.5.
2.13.7. Transformation of oompetait cells.
E. coli SURE™ supercompetent cells, carry the F' episome 
which contains the lac I^ M15 mutation and effects the alpha 
ccurplementation of the beta-galactosidase gene.
An aliquot of these cells was thawed on ice and was gently 
mixed by hand. Then a 100 (jlI aliquot was removed into a pre­
chilled Falcon 2059 polypropylene tube. A fresh 1:10 dilution 
of 8-mercaptoethanol (8-ME) was added to a final concentration 
of 25 mM. The cells were gently swirled to mix and then placed 
on ice for 10 mins, swirling carefully at 2 min intervals. A 
volume of the diluted ligation mix calculated to contain 24 ng 
of total DNA was added to the cells, careful mixing was 
effected and the cells were replaced on ice for 30 mins. A 
heat pulse of 42°C for 45 seconds was then delivered, by 
placing the tube in a water bath. The cells were then returned 
to ice for a further 2 mins. 900 jitl of pre-heated (42^ C) SOC 
medium (2% (w/v) bacto-tryptone, 0.5% (w/v) yeast extract, 10 
mM sodium chloride, 10 mM magnesium chloride, 10 mM magnesium
101
sulphate, 20 iiM glucose) was added and the cells were then 
shaken at 225 rpm at 37°C for 1 hour in a controlled 
environment shaker (G24 environmental incubator shaker. New 
Brunswick Scientific Ccmpany Incorporated) to allow the 
transformed cells time to synthesise ampicillinase. The gene 
for ampicillin resistance is carried by the pUClS plasmid and 
only those cells #iich have been transformed by this plasmid or 
ty a recombinant cDNA-pUC18 plasmid will be able to replicate 
in the presence of ampicillin. Aliquots of 50 /j,l, 100 jitl, and 
200 jLtl of the transformation mix were spread, in duplicate, 
onto LB ampicillin plates (1% (w/v) bacto-tryptone, 1% (w/v) 
yeast extract, 86 nM sodium chloride, 1.5% (w/v) bacto-agar,
0.1 mg/ml ampicillin, 1 mM magnesium sulphate), to vÆiich stock 
IPTG (2% (w/v) in water) and X-gal (2% (w/v) in dimethyl
formamide) were added to achieve a final concentration of 0.01 
mg and 0.02 mg of each chemical, respectively, per ml of agar. 
The plates were allowed to dry and were then inverted and 
incubated overnight at 37°C.
2.14. Screening of recombinant CDNA clones.
2.14.1. strategy.
Bacterial colonies identified as containing recombinant 
plasmids were streaked onto LB ampicillin plates containing 
IPTG and X-gal as described above. Streaked colonies were 
screened using a rapid screening methodology (Bames, 1977) 
vhich identified recombinant pUC18 plasmid by its migration
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rate relative to wild type pUC18. Those plasmids f^Aiich ran 
more slowly were selected as putatively recombinant. Larger 
scale preparations were made of the selected plasmids using the 
alkaline lysis method adapted from the methods of Bimboim and 
Doly (1979) and Ish-Horowicz and Burke (1981). The presence of 
the correct cDNA insert in the MCS of pUC18 was confirmed by 
appropriate restriction digests to release the cDNA fragment, 
and agarose gel electrophoresis to confirm the cDNA fragment 
length.
2.14.2. Maintenance and short-term storage of colonies.
Well separated %hite colonies were removed by sterile 
toothpick and streaked out onto master LB ampicillin plates 
containing IPTG and X-gal as described section 2.13.7. After 
incubation at 37°C overnight these were stored at +4°C as a 
temporary stock.
2.14.3. Rapid screening of plasmid ENA.
A small area (1 ram^) of the streaked colony was removed by
toothpick and resuspended in 25 ill of lysis buffer (50 mM 
sodium hydroxide, 5 mM disodium EDTA, 0.5% SDS. The suspension 
was incubated at 68°C for 45 mins and then 2 ill of TBE gel 
loading dye was added. The sample was electrophoresed in a 1% 
agarose gel in TAE buffer for 45 mins at 100 volts, stained in
a solution of ethidium bromide (0.5 jug/ml in TAE buffer) for 30
mins and then photographed on a UV transilluminator. Colonies
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likely to contain the recombinant pUClS were identified as 
those migrating more slowly relative to wild-type pUC18.
2.14.4. Small scale extraction of plasmid DNA.
This protocol is adapted from the method of Bimboim and 
Doly (1979) and Ish-Horowicz and Burke (1981). It produces 3 - 
5 /xg of plasmid suitable for restriction or sequencing.
A colony was removed from the master plate (or cells from 
frozen culture) by toothpick into 1.5 mis of L broth plus 
ampicillin (1.5% (w/v) bacto-tryptone, 0.5% (w/v) yeast
extract, 86 iriM sodium chloride, 0.1 mg/ml ampicillin) and grown 
overnight with shaking at 225 rpm at 37°C. The cells were 
pelleted by centrifugation in an MOC tube for 2 mins at 14,000 
rpm at room tenperature and the supernatant was aspirated. The 
cells were resuspended by vortexing in 100 /xl GTE (50 mM 
glucose, 10 mM disodium EDTA, 25 mM Tris-HCl pH 8) and 
incubated at room tenperature for 5 mins. 200 /xl of freshly 
made alkaline lysis buffer (1% v/v SDS, 200 mM sodium 
hydroxide) was added, mixing effected by two inversions and 
incubation performed on ice for 5 mins. 150 /xl of ice cold 5 M 
potassium acetate pH 4.8 was then added, the mixture was 
thoroughly vortexed, replaced on ice for 5 mins and then 
centrifuged at 14,000 rpm for 5 mins. A 400 /xl aliquot of the 
supernatant was carefully removed to a fresh tube and 2.5 
volumes of ethanol (-20°C) were added. The plasmid DNA was 
precipitated at room tenperature for 2 mins and thai pelleted
104
by centrifugation at 14,000 rpm for 5 mins at room temperature. 
The DNA pellet was resuspended in 100 /xl of resuspension 
solution (50 mM Tris, pH 8, 100 mM sodium acetate) and 2 /xl of 
bovine pancreatic RNAase A (10 mg/ml in 10 iriM Tris-HCl, pH 7.5, 
15 IriM sodium chloride, boiled for 15 mins, cooled slowly to 
room tenperature and then stored in alic^ iots at -20°C) was 
added. Bacterial RNA was digested for 45 mins at 37°C after 
vhich time the DNA was extracted by two PCI retractions. A 
chloroform extraction was then performed: an equal volume of 
chloroform: isoamyl alcohol (24:1) was added, the preparation 
was vortexed to produce an emulsion, centrifuged at 14,000 rpm 
for 3 mins at room temperature to separate the two phases and 
the upper aqueous phase transferred to a fresh tube. The 
plasmid DNA was then precipitated and pelleted by the addition 
of 2 volumes of ethanol, incubation at room temperature for 2 
mins and then centrifugation at 14,000 rpm for 5 mins at room 
temperature. The pellet was washed with 70% ethanol, dried in 
a cool oven, resuspended in 25 /xl HPLC water and stored at 
-20°C.
2.14.5. Restriction digest of plasmids.
The Sma I restriction site is destroyed during the process 
of cloning and thus removal of the cDNA fragment from pUC18 
requires the use of restriction enzyme (RE) pairs located to 
either side of the Sma I site in the MCS of pUC18, see Figure
2.1. Routinely, the restriction enzymes Eco R1 and Hind III 
were used. However, occasionally, other RE pairs were required
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due to presence of one, or more, internal restriction sites 
being present in the cDNA fragment; this situation lead to the 
production of a number of smaller fragments vhich were 
sometimes difficult to extrapolate to a single band of the 
correct size. The correct buffer to be used for both single 
and double restriction digests was deduced from Table 2.3., 
vAiich shows the percentage activity of RE's in the different 
incubation buffers.
Restriction digests were performed on 10 jul aliquots of 
the plasmid preparation (section 2.14.4.) using 10 - 12 units 
of each of the appropriate enzyme pairs in a final volume of 15 
jLtl. Five enzyme buffers were used, the coirpositions of which 
are given in Table 2.4. Incubation was performed at 37°C for 1 
hour. The products of the digestion were separated, alongside 
molecular weight markers, ky electrophoresis in a 1% agarose 
gel in TAE buffer for 1 hour at 100 volts, stained in a 
solution of ethidium bromide (0.5 jixg/ml in TAE buffer) for 30 
mins, and then photographed on a UV transilluminator.
2.15. Nucleotide sequencing of the recombinant pUClS.
Recombinant pUClS, containing cDNA inserts of the correct 
size, were then subjected to confirmatory sequencing. The 
sequence data produced was analysed by computer comparisons 
with relevant sequences of tick-bome flaviviruses (Mandl et 
al., 1989a; Pletnev et al., 1990; Mandl et al., 1991b) and with
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TABLE 2.3
PERCENTAGE AC T IV IT Y  OF R E STRICT IO N E N Z Y M E S  
IN INCUBATION B U FFE R S
(Taken from Boehringer Manheim Technical  Datasheet )
incubat ion Buffers
Enzyme A B H L M
Bam HI 100 100 2 5 - 5 0 7 5 - 1 0 0 100
Eco RI 100 100 100 2 5 - 5 0 6 0 - 7 5
Hind III 5 0 - 7 5 100 1 0 - 2 5 2 5 - 5 0 100
Kpn 1 7 5 - 1 0 0 1 0 - 2 5 0 - 1 0 100 2 5 - 5 0
Sac 1 1ÛÛ 0 - 1 0 0 - 1 0 100 5 0 - 7 5
Sma 1 ICLQ 0 - 1 0 0 - 1 0 0 - 1 0 0 - 1 0
Acc 1 100 0 - 1 0 0 - 1 0 1 0 - 2 5 0 - 1  0
Sph 1 5 0 - 7 5 7 5 - 1 0 0 7 5 - 1 0 0 2 5 - 5 0 100
The c or rec t  buf fer  to be used w it h  each res tr ic t ion  enzyme  
is shown underl ined.
All enzym es  were incubated at 37®C, except  SMA I which  was 
incubated at 26°C.
When double rest r ic t ion digests were performed,  that  buffer  
giving the opt imal  percentage a c t i v i t y  for both enzym es  
was used.
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TABLE 2.4 
R ESTR IC T IO N  E N Z Y M E  BUFFERS  
(Taken from Boehringer Mannheim technical data s h ee t )
Incubat ion
Buffer
Recipe (x10 buffers)
A 33m M Tris acetate 
10mM Mg acetate  
66mM K acetate 
O.SmM DTT  
pH 7.9
B lOmM Tris HOI 
lOOmM NaCI 
5mM MgCI ^ 
ImM pM E  
pH 8.0
H 50mM Tris HOI 
lOOmM NaCI 
lOmM MgCI g 
ImM Dith ioerythr i to l  
pH 7.5
L 10mM Tris HOI 
10mM MgCI 2 
ImM DTT  
pH 7.5
M lOmM Tris HOI 
10mM MgCI 2 
50mM NaCI  
ImM Dith ioerythr i to l
Restr ic t ion  enzym es  and buffers were 
purchased from Boehringer Mannheim
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the sequence of pUC18. Confirmed cDNA inserts were then 
sequenced in their entirety, usually in duplicate, but wAiere 
anomalies existed, in triplicate or quadruplicate. These were 
subjected to more thorough computer coitparisons and analyses. 
Finally, colonies containing the required recombinant pUC18 
were then prepared for long term storage (section 2.16.).
2.15.1. Dideo g^imoleotide secpiencing.
DNA sequencing was performed on recombinant plasmid clones 
using the dideoxy chain termination methodology (Sanger et al., 
1977). This methodology consists of three different stages:
1. The primer is annealed to the template DMA.
2. DNA polymerisation occurs using limiting 
concentrations of dNTPs (including one radiolabell^ 
dNTP) to extend the primer by a few, or by several 
hundreds of, nucleotides.
3. The final stage consists of a set of four chain- 
extension termination reactions in vhich the 
radiolabelled chains are extended until terminated by 
the incorporation of a dideoxynucleoside (ddNTP). 
During this step, the chairs are extended on average 
by 20 - 50 nucleotides.
The reactions are terminated the addition of EDTA and 
formamide, denatured by heating and run on polyacrylamide 
electrophoresis gels.
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All DNA sequencing reactions were performed using a 
Sequenase® Version 2.0 kit. This kit contains the enzyme 
Sequenase® Version 2.0 (Tabor and Richardson, 1987) vhich is a 
genetic variant of the bacteriophage T7 DNA polymerase. This 
enzyme is a superior enzyme for sequencing, having amongst its 
properties high processivity, high speed, the ability to use 
popular nucleotide analogues and no 3* to 5’ exonuclease 
activity.
2.15.2. Fr^ )aration of the sequencing gel.
DNA sequencing was performed in 40-cm-long, 0.4 ram thick, 
5% (w/v) acylamide-bisacrylamide (19:1) gels.
Both front and back plates were thoroughly cleaned with 
detergent and hot tap water, rinsed with water arxJ then with 
ethanol and placed in a fume hood to dry. The larger back 
plate was coated with a 10 mis silane solution (0.3% (v/v) 
gamma-methacryloxypropyltrimethoxysilane and 0.15% acetic acid 
in ethanol) ; the excess was removed with a lint free tissue 
(Kimwipe) and the surface washed with ethanol and polished with 
a clean tissue. The smaller front plate was siliconised by the 
application of 10 mis of dimethyl dichlorosilane and similarly 
the access was removed, followed by an ethanol wash and 
polishing. The two treated surfaces of the plate were clamped 
together, with a 0.4 mm spacer arranged down each side. The 
plates were then taped together on both sides and the base, 
using 3M yellow electrical tape.
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2.15.3. Preparation of the secpienoing gel plates.
For each plate, 75 mis of sequencing gel was required
vAiich contained 7 M urea and 5% (v/v) PAGE 1™ Sequencing gel 
mix (acrylamide : bis-acylamide, 38:2) in TBE buffer (89 mM 
Tris-borate, pH 8.3, 2 mM disodium EDTA). The solution was 
heated to 37°C to dissolve the urea and immediately before 
casting the gel, 0.1% (v/v) N,N,N',N'-tetramethylethylene-
diamine (Temed) and 0.06% (w/v) ammonium persulphate (freshly 
made) were added. The solution was mixed (avoiding bubbles) 
and then injected from a 75 ml plastic syringe into the pre­
prepared plate assembly, taking care to avoid trapping bubbles. 
Sharkstooth combs were correctly orientated and the gel was 
allowed to set for 1 hour. Prior to electrophoresis of the 
sequencing reactions, the electrical tape along the base of the
gel was removed, the plate was placed in a Sequencing gel
electrophoresis system, model S2 (Gibco-BRL) and the gel 
electrophoresed for 30 mins in TBE buffer. The sharkstooth 
combs were re-orientated correctly during this stage.
2.15.4. DNA sequencing reactions.
2.15.4.1. Alkaline dénaturation of the recombinant 
plasmid.
In order for the primer to be able to bind to the priming 
site in the recombinant plasmid, the two DNA strands must first 
be separated. An alkaline dénaturation method based on that of
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Chen and Seetaurg, (1985), and Zhang et al., (1988), was
enployed.
3-5 jug plasmid DNA (section 2.14.4.) was denatured by the 
addition of 200 mM sodium hydroxide and 0.2 irM disodium EDTA. 
The preparation was mixed and incubated at room teimperature for 
30 mins. Neutralisation and precipitation were effected by the 
addition of 300 mM sodium acetate pH 4.8 and 3 volumes of 
chilled ethanol and immediate placement in a dry-ice/ethanol 
bath for 5 mins. The DNA was pelleted by centrifugation at 
14,000 rpm for 20 mins at 4°C, washed with 70% ethanol and 
dried in a cool oven. The pellet was resuspended in 7 /xl HPLC 
water and immediately taken onto the next stage of sequencing.
2.15.4.2. Annealing template and primer.
A single annealing reaction was set up. The following 
were added to the 7 jul of denatured plasmid suspension: 1 jttl 
primers (0.5 pmol), and 2 /xl of X 5 reaction buffer (200 irM 
Tris-HCl pH 7.5, 100 mM magnesium chloride, 250 mM sodium
chloride) in a final volume of 10 /il. The reaction mix was 
heated to 65°C for 4 mins, cooled slowly to room ternperature 
over a period of 30 mins and placed on ice.
2.15.4.3. Labelling reaction.
The following were added to the annealed tenplate-primer 
suspension: 1 fil 0.1 M DTT, 1 /il dATP 5*-(a-[^ S^] thio)
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triphosphate (specific activity >1000 Ci/inmol) (10 /tCi), and 2 
(jLl of a 1:5 dilution of the x5 labelling mix in HPLC water (7.5 
iM dGTP, 7.5 jUM dCTP, 7,5 juM dTTP) . Finally 2 /il of Sequenase® 
Version enzyme diluted 1:8 in ice-cold enzyme dilution buffer 
(10 mM Tris-HCl pH 7.5, 5 mM DTT, 0.5 mg/ml bovine serum 
albumin) were added, the reaction was carefully mixed and 
incubated at room temperature for 3 mins.
2.15.4.4. Termination reactions.
3.5 /il of the resultant labelling reaction mix was 
aliquoted into each of four 0.5 ml MCC tubes which contained 
2.5 /il of one of each of the four termination mixes:
- ddG Termination mix: 80 fM dGTP, 80 fM dATP, 80 //M
dCTP, 80 juM dTTP, 8 (M ddGTP, 50 mM sodium chloride.
- ddA Termination mix: 80 juM dGTP, 80 jM dATP, 80 jM
dCEP, 80 /iM dTTP, 8 /iM ddATP, 50 mM sodium chloride.
- ddT Termination mix: 80 /iM dGTP, 80 /iM dATP, 80 /iM
dCTP, 80 juM dTTP, 8 /iM ddTTP, 50 mM sodium chloride.
- ddC Termination mix: 80 /iM dGTP, 80 iM dATP, 80 fM
dCTP, 80 fM dTTP, 8 fM ddCTP, 50 mM sodium chloride.
The reactions were incubated at 42°C for 5 mins, and then 
terminated by the addition of 4 /il of stop solution (95%
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formamide, 20 mM EDTA, 0.05% broraophenol blue, 0.05% xylene 
cyanol FF) and thorough mixing was effected. The samples were 
then stored for up to one week at -20°C.
2.15.5. Sequencing primers.
Confirmatory sequencing was usually effected using the 
(-40) Universal primer ( 5 ' -GiTi'iCCCAGTCAGGAC-3 ' ) (Sequenase 
kit). The region in pUClS to vhich this primer anneals, just 
outside the MCS, is shown in Figure 2.3.
All other sequencing used a number of additional primers. 
M13 reverse primer (5'-AACAGCTATGAOCATG-3 ' ), a primer 
recommended for use with the kit, sequences the opposite strand 
from the Universal primer and the region to which it primes, 
just outside the MCS, is also shown in Figure 2.3. All other 
primers used are listed in Table 2.2. These primers enabled 
sequence data to be obtained from regions placed more centrally 
in the longer (500-1600b) cDNA fragments. They were also used 
to prime to the opposite strand of regions of cDNA containing 
strong secondary structure, thereby clarifying region of 
sequence which were difficult to elucidate. In all cases the 
primers used were made to a concentration of 0.5 pmol/jul.
2.15.6. Alterations of sequencing reaction conditions.
It is possible to alter sequencing reaction conditions to 
provide maximum information about sequences close to the
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primer, or alternatively more distant from the primer. The 
alterations used were based on information given in the 
manufac±urer's protocol.
Reading sequences close to the primer;
These changes to the standard protocol were used to obtain 
sequence data close to the primer (0-120 bases).
- Double the amounts of template and primers were used.
- The labelling mix, used during the annealing of the
primers, was subjected to greater dilution: 1:10.
- The reaction times of the labelling and termination 
reactions were both reduced to 3 mins.
- Electrophoresis was continued until the first dye 
front (bromophenol blue) ran 80% of the length of the
gel. (Bromophenol blue co-migrates with DNA 35 bases
long in a 5% gel).
Reading sequences more distant from the primer
These changes were used to obtain sequence data more 
distant from the primer (350-500 bases).
- The labelling mix, used during the annealing of the 
primers, was undiluted and 1.5 jitl of [o:-^ S^]dATP was 
added.
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- The reaction time of the labelling reaction was
extended to 5 mins.
- A higher concentration of buffer (X 1.2 TBE) was used
both for making the sequencing gel and for the
running buffer. This provided more buffering 
capacity for the longer running times employed.
- Electrophoresis was continued for 2 - 3  hours beyond 
the passing of the secord (sqrlene cyanol FF) dye
front. (Xylene cyanol co-migrates with DMA 130 bases 
long in a 5% gel).
2.15.7. Denaturing gel electrophoresis.
Prior to loading, the four samples were heated at 75°C for
2 mins and then 2-5 fil was immediately loaded into adjacent 
wells in a noted order (G, A, C, T was conventionally used). 
Electrophoresis was effected at 65 watts for 1.5 - 8 hours. 
After electrophoresis, the front plate was removed and the gel 
on the back plate was fixed in a solution of 12% methanol and 
10% glacial acetic acid in water. The gel was washed in cold 
running tap water for 20 mins and dried in a hot (80°C) oven 
for 1 hour. The gel was then monitored with a geiger counter, 
and exposed to RX X-ray film (Fuji) in a spring loaded metal 
cassette at room temperature. The film was developed after 1 -
3 days, depending on the intensity of the monitored counts.
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2.16. Computer analyses.
Sequence data was assembled and analysed using two 
computer programs;
- Microgenie sequence analysis program (Beckman 
Instruments Incorporated) (Queen and Kom, 1984).
- Clustal (Higgins and Sharp, 1988)
2.17. Maintenance and long-term storage of colonies.
Long term storage of colonies, identified as containing 
recombinant pUC18 of the correct type, was effected by the 
removal of the colony by toothpick to duplicate MCC tubes 
containing 300 fj.1 of L broth plus ampicillin. These were grown 
overnight with shaking at 225 rpm at 37°C. Glycerol was added 
to a final concentration of 15% and the cell suspension was 
thoroughly mixed. The two samples were then stored by 
freezing, one at -20°C and the other at -70°C. Subsequent 
plasmid preparations were initiated by removal of an aliquot 
from the -20°C sample only.
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GH2VFTER 3.
Reverse transcription and amplification of flaviviral RNA,
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3.1. Summary.
This Chapter describes the early stages in the development 
of a reliable methodology for the reverse transcription (RT) 
and amplification of flaviviral RNA.
Initial efforts were directed at achieving a working 
amplification system, using the polymerase chain reaction 
(PGR), for use on DNA, This was performed using the 
manufacturers' recommended reaction conditions.
A comparison of the recommended reaction conditions for RT 
and amplification revealed that it was possible to perform the 
former in the recommended reaction conditions and then to 
adjust conditions for the latter to near recommended levels. 
The adjusted amplification reaction mix was successfully tested 
on the working DNA amplification system.
The system of RT (performed as recommended) and 
amplification (performed in adjusted reaction conditions) was 
then applied to the RT and amplification of flaviviral RNA. 
This initially achieved little success. However, the 
introduction of a lower annealing temperature during thermal 
cycling enabled the system to become operational.
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3.2. Introduction.
The use of the polymerase chain reaction (PCR) (Mullis et 
al., 1986; Mullis and Faloona, 1987) to amplify RNA sequences 
from cDNA (complementary DNA) (Veres et al., 1987) has made it 
possible to produce sequence data from defined regions of viral 
genomic RNA.
The advantages of this method over conventional cloning 
for the examination of specific regions of simiilar viruses are 
several; faster isolation of the desired fragment is possible 
and less time and effort need be expended to identify, clone 
and sequence a particular region of interest in one or more 
viruses.
In the early stages of these studies no published 
methodology existed for the reverse transcription (RT) and 
subsequent amplification by the polymerase chain reaction (PCR) 
of flaviviral RNA, otherwise known as RT-PCR. Techniques for 
the determination of the nucleotide sequence of flaviviral RNA 
involved, most usually, either molecular cloning (Rice et al., 
1985; Mandl et al., 1988) or primer extension sequencing
(Lobigs et al., 1988; Gibson et al., 1990).
The aim of these studies, therefore, was to develop a 
reliable methodology for the RT and amplification of flaviviral 
RNA.
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PCR is a relatively complicated set of biochemical 
reactions where constantly changing kinetic interactions, among 
several conponents, determine the quality and quantity of the 
final product. The quality of the amplification product 
obtained is thus dependent on a large number of parameters. 
When PCR is complicated by the addition of a prior RT step it 
becomes necessary to investigate whether any adjustments will 
be necessary in order to make the system reliably operational.
The standard RT reaction when performed as recommended by 
the manufacturers (Amersham, personal communication) contains; 
50 mM Tris-HCl pH 8.3, 50 mM potassium chloride, 10 mM
magnesium chloride, 3 mM dithiothreitol (DTT), 0.1% Nonidet P- 
40, 14 units RNAasin, 1 mM each dNTP and 24 units RAV-2 reverse 
transcriptase (RAV-2 RT) in a final volume of 10 /xl. In 
addition, variable quantities of template viral RNA (vRNA) and 
primers are added; template generally being added at 0.5-5 jjug 
and primers at 2 ng - 500 ng per reaction. These reaction 
conditions can be varied depending on the type of reverse 
transcriptase being used. RAV-2 RT was used throughout these 
studies. Experience in primer extension sequencing and 
molecular cloning had shown that the use of this RT with 
flaviviral RNA gave better results than either of the other two 
available RTs, avian myeloblastosis virus RT (AMV RT) or 
Moloney murine leukaemia virus RT (Mo-MLV RT) (personal 
communication, A.D.T. Barrett).
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The standard PCR, when performed as recommended by a 
manufacturer of Taq DNA polymerase (Taq) (Perkin Elmer Cetus 
technical data sheet), contains 10 mM Tris-HCl pH 8.3, 50 mM 
potassium chloride, 1.5 mM magnesium chloride, 0.01% gelatin, 
0.2 mM each dNTP, 1 jM primers, 10^  template molecules and 2.5 
units Taq in a final volume of 50-100 jul. The addition of 
0.05% Tween 20 has also been recommended (Clewley, 1989). 
These conditions are relatively standard for most of the 
different manufactured types of Taq. The initial studies for 
this thesis used Perkin Elmer Cetus AmpliTaq^ Recombinant Taq 
DNA polymerase, and the studies performed to develop the RT arKi 
amplification procedure were based on the recommended reaction 
conditions for this Taq. Later experiments more generally used 
Boehringer Taq DNA polymerase. However the recommended 
reaction conditions for this Taq are the same and both 
polymerases operated well in the conditions used in these 
studies with no significant differences being evident.
A decision was made to keep the conditions recommended for 
the RT reaction, by using the recommended RT reaction mix. The 
subsequent reaction mix for the PCR (PCR mix) was adjusted, 
taking into account corrponents already present from the RT 
reaction.
A study was made of the role and recommended concentration 
of each of the ccatponents of the PCR, to assess their relative 
iitportance. Those components not normally present in PCR, but 
which would be added from the RT reaction mix, were also
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assessed as to whether their presence w/^ould be detrimental 
within the amplification reaction.
Tris is a dipolar ionic buffer which controls the pH to 
between 6.8 - 7.8 during the amplification reaction. It was 
thought advisable to maintain, at the very minimum, the level 
of buffering advised by the manufacturers of Taq (10 itM).
Potassium ions are thought to be involved in facilitating 
primer annealing, however levels above 50 mM inhibit Taq 
activity (Innis et al., 1988). It was therefore important to 
ensure that level of potassium did not rise above 50 mM.
Magnesium concentration may affect all of the following 
(Innis et al., 1990):
Primer annealing.Strand dissociation temperatures of both toonplate and PCR product.Product specificity.Formation of primer-dimer artefacts.Enzyme activity and fidelity.
Magnesium is bound by teirplate DNA, primers and dNTP's and, in 
addition, free magnesium ions are required by Taq. It is also 
important to control, and to make allowances for, any chelating 
agents present, such as EDTA, which may make the essential 
magnesium ions unavailable. Evidently magnesium plays a number 
of very important roles within the PCR. The final 
concentration selected was that advised by the Taq 
manufacturers (1.5 mM) (section 3.2.), although, subsequently.
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it was found that some primer pairs did require minor 
adjustments to this level.
Gelatin is added to help stabilise Taq. This is not 
present in the RT reaction mix and so may be added at 
appropriate levels for PCR.
In a standard reaction, all four dNTP's are added to a 
final concentration of between 0.05 - 0.2 mM. It is important 
to ensure that the dNTP's are not present in unequal 
concentrations and that the concentrations are not too high. 
Both these factors tend to promote misincorporations into the 
transcript by Taq (Petruska et al., 1988). It should be noted 
at this stage that only a proportion (most usually half) of the 
RT reaction mix was used in the subsequent PCR (performed in a 
final volume of 50 jLtl). Therefore, the resultant tenfold 
dilution of the components of the RT reaction mix dilutes the 
original concentrations of the dNTP's to 0.1 mM. At this level 
there is sufficient precursor present to synthesise 13 /xg of 
DNA (Saiki, 1989). Although this does not take into account 
any dNTP's used up in RT, the level of dNTP's was considered to 
be appropriate without further adjustment. However, 
adjustments were considered necessary when less than half the 
RT reaction mix was used in the subsequent PCR.
No adjustments were made to the levels of anti-sense 
primers, although these were present at a rather higher level 
than normal for PCR after tenfold dilution. Research has shown
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that the addition of an excess of primers facilitates the 
amplification of flaviviruses (Mandl et al., 1989a). 250 ng of
sense primers were added.
Nonidet P-40 and DTT, present in the RT reaction mix, are 
not recommended components for the subsequent PCR mix. The 
role of DTT is to stabilise disrupted disulphide bonds. After 
tenfold dilution, this chemical is present in the PCR mix at 
0.3 mM. Therefore the assumption was made that its presence 
would not materially affect the PCR. Nonidet P-40 is a non­
ionic detergent. It is has been reported (Clewley, 1989) that 
the presence of either Nonidet P-40 or Tween 20, also a non­
ionic detergent, are beneficial for the PCR. Therefore 
adjustments were made to maintain the 0.05% level of non-ionic 
detergent in the subsequent PCR mix.
The first dénaturation step of PCR will denature the RAV-2 
RT and the RNAasin thus inactivating these during the 
subsequent reaction.
A comparison of the final concentrations and number of 
moles/percentage of each of those components of the reaction 
mixes requiring adjustment is shown in Table 3.1. It is 
evident that the levels of Tris-HCl, potassium chloride and 
Tween 20 were amenable to adjustment to give the desired 
reaction conditions for the PCR already discussed. The level 
of magnesium chloride is higher in the RT reaction than is 
required in the subsequent PCR. However, the tenfold dilution
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of components of the RT reaction mix, which is most usually 
effected, reduces the concentration of magnesium to within 
desired levels. Calculations were therefore made to formulate 
an adjusted amplification reaction mix for the PCR.
The development of the amplification procedure using 
Mycobacteriurm Jbovis {M, bovis) DNA and primers which were 
known to reliably amplify a 173 bp fragment, is described in 
this Chapter. This system allowed comparisons to be made 
between the recommended and adjusted amplification reaction 
mixes for the PCR. This system also served as a positive 
control for later experiments. Later studies using flaviviral 
RNA developed the adjusted system to include the RT reaction,
3.3. Experimental work.
All the basic methods used in this Chapter are described 
in Chapter 2. Any variations to basic methodologies are 
described where appropriate.
3.4. Amplification of M. bovis DNA using the recommended
reaction mix for the polymerase chain reaction.
The M. bovis DNA and primers;
A; (5'-GAAGGTCGTCATOGAOGGTAAGGA-3') - anti-sense.
B; (5'-CGCCGTIGAOGTTACCGAGCCCAA-3') - sense.
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were kindly supplied by Alison Woolford (Molecular Microbiology 
Group, School of Biological Sciences). The primers were known 
to amplify a 173 bp fragment of the 19 kilodalton antigen of M. 
bovis (Collins et al., 1990). A standard PCR was performed in 
a final volume of 50 jul as recommended by the manufacturer 
(section 3.2.), with the exception of the levels of template M. 
bovis and primers A and B which were added to 1 ng and 150 ng 
(each primer) respectively. Two negative controls were 
included, set up as described, although the first contained no 
DNA or primers and the second contained no DNA. Amplification 
was performed in a programmable temperature cycler thus;
1, i. Dénaturation; 94°C for 1.5 mins.
ii Annealing; 56°C for 2 mins.
iii. Extension; 72°C for 3 mins.
2. i. Dénaturation; 94°C for 1 min.
ii. Annealing; 56°C for 2 mins.
iii. Extension; 72°C for 3 mins.
3. i. Dénaturation ; 94°C for 1 min.
ii. Annealing; 56°C for 2 mins.
iii. Extension; 72°C for 10 mins.
Amplification products were electrophoresed, stained with 
ethidium bromide and photographed as described in section 2.11.
The results in Figure 3.1., lane 3, showed the presence of 
a band of amplified cDNA of the desired size (173 tp). The 
assumption was made that the successful amplification of M.
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(2% Agarose Gel)
173bp
Lane 1: Ampli f icat ion products in absence of DNA and pr imers  
2: Ampli f icat ion products in absence of DNA 
3: Ampli f ica t ion showing 173bp product of M. bovis  DNA 
4: ^ X 1 7 4 / H a e  III molecular  weight markers
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bovis DMA had been achieved using the reaction mix recommended 
by the manufacturer. The negative controls in Lanes 1 and 2, 
supported the result by showing that no bands were present in 
either of these lanes. They also confirmed that no cross­
contamination was present.
3.5. Amplification of M. bovis DNA, comparing the
recommended and adjusted reaction mixes for the 
polymerase chain reaction.
Studies were made of those components of the PCR mix vhich 
required adjustment. The final concentration and number of 
jumoles of Tris-HCl, magnesium chloride and potassium chloride, 
and percentages of Tween 20, present in the recommended RT 
reaction mix and in the recommended PCR mix are shown in Table
3.1. Calculations were performed for an adjusted PCR mix vhich 
took into account components present in the earlier RT reaction 
mix. At this stage it was not clear how much of the RT 
reaction mix would be used in the subsequent aiplif ication, and 
so calculations were made for a PCR mix which took into account
2.5, 5, 7.5 and 10 jtxl being used.
The number of jumoles of Tris-HCl, potassium chloride and 
magnesium chloride required in an adjusted PCR mix when 
different quantities of RT reaction mix were used are given in 
Table 3.2. The figures were derived by the subtraction of the 
number of jLimoles of the chemical present in the relevant volume 
of RT reaction mix from the number of jumoles required in the
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recommended PCR mix (Table 3.1.). Also shown in this Table are 
the equivalent percentage calculations for Tween 20. These 
calculations translated into a working table, Table 3.3., vÆiich 
shows the quantities of a given concentration of the four 
chemicals which were actually required to achieve the correct 
concentrations for an adjusted PCR mix vdien different volumes 
of RT reaction mix were used.
The other conponents of the recommended PCR mix, as 
discussed in section 3.2. were added to give a final adjusted 
PCR mix (based on 5 /ul of RT reaction mix being used) shown 
below:
0.5 jlil 0.5 M Tris-HCl pH 8.3.4.5 jLtl 0.5 M potassium chloride. 0.5 jLtl 0.05 M magnesium chloride. 4 jLtl 0.5% Tween 20.0.01% gelatin.1 ng of template M. bovis DNA.150 ng of each primer A and B.2.5 units Taq.
A comparison was then performed of the adjusted and 
recommended reactions mixes by the amplification of M. bovis 
DNA (section 3.2.). The composition of the adjusted PCR mix 
was as given above however, 5 jLtl of recommended RT reaction mix 
(section 3.2.) minus template and primers was also added. A 
negative control, performed as described, but in the absence 
DNA and primers, was included.
The results of this comparison are shown in Figure 3.2. A 
comparison of Lane 2, adjusted PCR mix, with Lane 3,
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FIGURE 3.2
COMPARISON OF AMPLIFICATION USING THE  
R EC O M M E N D ED  AND ADJUSTED REACTION M IXE S  FOR PCR
(2% Agarose Gel)
1 2 3
173bp
Lane1: Ampl i f ica t ion products in absence of DNA and pr imers  
2: Ampl i f icat ion using adjusted PCR mix 
3: Ampli f ica t ion using recommended PCR mix 
6: ^X 1 7 4 /H a e l l l  molecular  weight  markers
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recoiranended PCR mix, shows the adjusted reaction mix as having 
worked very nearly as well as the recommended reaction mix to 
give a band of aioplified cDNA. of the desired size (173 bp). 
The negative control, Lane 1, showed no bands of airplified cDNA 
and thus confirmed that no obvious cross-contamination was 
present.
3.6. Effect of magnesium ion concentration on the
amplification of M. bovis DNA.
As was discussed in section 3.2., the concentration of 
magnesium ions present is of fundamental importance to the 
specificity and yield of product from the reaction. A 
titration of magnesium ions was therefore perfomed to verify 
that the levels of magnesium being used were at the optimal 
level for this particular system. It is important to note that 
systems using different primers may require adjusted levels of 
magnesium; primers bind different quantities of magnesium ions 
thus affecting the levels of free magnesium available.
A set of reactions was therefore set up using the adjusted 
PCR mix described in section 3.5. with different levels of 
magnesium chloride being added. The reactions, 1-7, contained 
a final concentration of magnesium chloride of: 0, 0.5, 1, 1.5, 
2, 5, and 10 mM respectively.
The results are shown in Figure 3.3. It is clear that the 
optimal levels of magnesium chloride for this particular system
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FIGURE 3.3
EFFEC T OF MAGNESIUM ION CONCENTRATION  
ON PCR YIELD AND S P E C IF IC IT Y
(2% Agarose Gel)
Magnesium ion concentrat ion,  mM
4X174 /
0 0.5  1 1.5 2 5 10 Hael l l
137
(and more precisely this particular set of primers) were 1 mM, 
rather than the 1.5 mM vdiich had been used for the former M, 
bovis DNA amplifications. However, the higher 1.5 mM level, 
which had been used, gave very near optimal results. The 
e>perimient also showed that low levels, 0.5 mM, resulted in 
very little amplified product; whereas levels of 5 mM and above 
not only affected the yield, but also the specificity of the 
PCR. The presence of other bands of amplified DNA at higher 
concentrations of magnesium ions showed that more non-specific 
amplification products were being produced.
3.7. Reverse transcription and amplification of flaviviral
RNA.
Investigations of the RT and amplification of flaviviral 
RNA were initiated next.
Work began on a gradient purified vRNA from the wild type 
strain Asibi of yellow fever (YF) virus. This was obtained 
from the frozen (-70°C) collection in the Flavivirus Research 
Laboratory (FRL). The primers (Table 2.2.) used were the anti­
sense primer YF7, and the sense primer CAGl vdiich amplify a 
region from base 643 to 1292 in the structural protein coding 
region of the YF virus (Hahn et al., 1987). These primers were 
also available in the EEÎL.
The RT methodology was carried out as essentially as 
described and as given in detail in section 2.10.2. using the
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recommended RT reaction mix. An additional earlier step of 
heat dénaturation was added as described in section 2.10.1. 
with the aim of denaturing any secondary structures in the 
vRNA. The quantity of template vRNA and anti-sense primer used 
were 340 ng and 500 ng respectively. Amplification using the 
adjusted PCR mix was carried out essentially as described and 
as given in detail in section 2.10.3; however the annealing 
temperature during thermal cycling was 55°C. Visualisation of 
the amplification products was effected as described in section 
2.11.
Early attempts were unsuccessful in producing the desired 
amplified cDNA product.
The annealing temperatures (°C) used during thermal 
cycling were based on the formula for the melting temperature 
(T^ ) of the primers (Sambrook et ai., 1989):
T^ = 2 (A-HT) + 4 (G+C) - 5
The annealing temperature of primers YF7 and CAGl were thus 
calculated as 55°C and 56°C respectively (Table 2.2.). 
Amplifications performed at the lower of these temperatures 
produced no product. A subsequent publication by Mandl et al. 
(1989a), revealed that lower annealing temperatures were being 
used in their studies for the thermal cycling of flaviviral 
RNA.
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Therefore a lower annealing tenperature of 40^C was 
incorporated into the amplification procedure described.
The results in Figure 3.4., Lane 2, show the successful 
amplification of a cDNA fragment of the desired size (688 kp) 
had been achieved. Lane 1 provided the negative control which 
supports the result. Subsequent cloning, sequencing, and 
coitputer analyses of this cDNA fragment confirmed this PCR band 
to contain cDNA to the vRNA of YF virus, strain Asibi. The 
nucleotide sequence data obtained has a 100% homology to a 
region, base 702 to 835, of the sequence of YF virus already 
published (Hahn et ai., 1987).
3.8. Discussion.
The aim of these studies was to produce cDNA to defined 
regions of flaviviral RNA by RT-PCR. The initial step in the 
realisation of this aim was to achieve a working amplification 
system for use on DNA. Successful amplification of M. bovis 
DNA was assumed to be achieved using the reaction mix 
recommended by the manufacturer. However, it should be noted 
that no further studies were performed to confirm that the 
amplified cDNA band contained, in fact, cDNA to M. bovis DNA. 
Negative controls, however, supported the result and showed 
that no cross-contamination was present. Such controls are 
very inportant for all amplification experiments due to the 
inherent problems of cross-contamination vhich accompany this 
technique. It is entirely possible, under ideal conditions, to
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FIGURE 3.4
6 8 8 b P  REVERSE TR ANSCRIB ED AND A M P L IF IE D  PRODUCT  
OF YELLOW  FEVER VIRUS. STRAIN ASIBI. vRNA
(2% Agarose Gel)
6 8 8 b p
L a n e l :  Ampli f icat ion product  in absence of vRNA  
2: Ampli f icat ion product  (6ul )
3: 4 X 1 7 4 /H a e l l l  molecular  weight  markers
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amplify from a single DNA molecule up to 10^  molecules, so 
stringent precautions are necessary to prevent cross- 
contamination vhen undertaking this procedure.
A comparison of the recommended reaction mixes for RT and 
PCR showed that it was possible to perform the former in its 
recommended reaction conditions and then to adjust the reaction 
mix for the latter to near recommended conditions. The 
appropriate calculations were made to formulate this adjusted 
PCR mix and this formulation was then compared with the 
recommended PCR mix. The comparisons revealed that the 
adjusted reaction mix was working very nearly as well as the 
recommended one, and had produced a comparable band of 
amplified cDNA.
A comparison was then performed into the effect of the 
magnesium ion concentration on the amplification system thus 
far investigated. The results of this experiment showed that 
there was a definite optimal level of magnesium ions required 
for PCR. The optimal level found, 1 mM, was lower than the 
level used (1.5 mM) in the initial amplifications of M. bovis 
DNA. It was also clear from the results of this ex^ xeriment 
that lower than optimal levels of magnesium ions resulted in 
little or no product, vdiilst higher than optimal levels (5 mM 
and above) resulted in more non-specific amplification and in 
reduced product yield. As has been discussed, different levels 
of magnesium ions may be required by different primer pairs.
142
Once a working methodology for DNA aroplification, vÆiich 
incorporated the recommended reaction mix for the RT reaction, 
was achieved, the next stage was to test this on flaviviral 
RNA. As has been stated, no success was achieved until the 
introduction of a lower annealing temperature. It is still not 
entirely clear vby lower temperatures than those calculated 
were more successful at amplifying cDNA from flaviviral RNA. 
It is possible that a less efficient priming occurs at the 
higher temperature. This may be caused by the rapid rise in 
temperature to 72°C, effected to initiate extension, vbich may 
cause the primers to become detached from the template. Taq 
retains significant polymerase activities at temperatures lower 
than its optimum (Innis et ai., 1988). Thus vben annealing is 
initiated at a lower temperature, the length of ramp time 
during vbich the primer may be extended by Taq, is increased. 
This will result in a printer #iich has been extended by a 
greater number of nucleotides, and vbich is, therefore, less 
likely to become detached from its tenplate vbilst the higher 
tertperatures used for extension are reached.
The introduction of this lower tenperature resulted in the 
successful RT and amplification of a 688 bp region of YF virus, 
strain Asibi. Subsequent cloning, sequencing and computer 
analyses of this fragment confirmed this PCR band to contain 
cDNA to YF, strain Asibi, vRNA. Also, most importantly, the 
cDNA contained identical sequence, over the 134 bp region 
sequenced, to that already published for this strain of YF 
virus (Hahn et al., 1987). Thus, the PCR methodology works and
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provides sequence data which is homologous, over the region 
examined, to that obtained by a conventional molecular cloning 
strategy. This is supportive evidence that the techniques used 
in this Chapter can be used to generate reliable sequence data, 
a point which will be returned to in later Chapters.
A working RT-PCR system for the amplification of 
flaviviral RNA was thus developed. The next step was to extend 
these studies to include a variety of flaviviral RNAs and 
primers in order to confirm the wider applicability of this 
methodology.
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CHAPTER 4.
Studies of the effect of dénaturants on the reverse 
transcription and amplification of flaviviral RNA.
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4.1. Summary.
The methodology of reverse transcription (RT) and
arplification, thus far developed, was less than reliable when 
tested with a number of different flaviviral RNAs and primers. 
It was suspected that primers had been made with homology to 
regions of viral RNA (vRNA) which contained significant 
secondary structure.
It was therefore decided to study the levels of methyl 
mercury hydroxide (MMH) required to effect the dénaturation 
(and linearisation) of the ^^E(NA. The appropriate
concentrations to use were calculated, a low level MMH 
dénaturation protocol was devised, and experiments were 
performed to assess its usefulness.
A number of other dénaturants and a cosolvent were also 
assessed for their contribution to successful RT and
amplif ication.
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4.2. Introduction.
Continuing studies using the methodology for reverse 
transcription (RT) and aitplification thus far developed 
(Chapter 3), gave somewhat unreliable results vhen the studies 
were extended to include a number of further flaviviral RNAs 
and primer pairs. Consideration was given as to whether 
secondary structure within the viral RNA. (vRNA) could be a 
contributory factor in preventing successful airplification.
The secondary structure of the RNA of flaviviruses 
has yet to be elucidated. However, a number of potential 
secondary structures have been identified. (For reviews see 
Brinton, 1986; Rice et al., 1986; Chambers and Rice, 1987). 
The single stranded nature of the vRNA makes possible a variety 
of further secondary structures including stem regions, hairpin 
loops, bulge loops, interior loops, multi branched or multiple 
loops (Lewin, 1987) and possibly pseudoknots (Pleij, 1990).
The likelihood of a particular base-paired structure 
forming can be predicted by rules which describe the 
interactions of base pairs (Lewin, 1987). The basis of these 
rules is a calculation of the free energy for the formation of 
a given structure. However the application of these rules is 
only the first stage in secondary structure prediction. Other 
factors, such as binding proteins, may exert their influence 
and the ultimate structure produced is, as yet, far from being 
completely predictable.
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It is therefore plausible that regions of secondary 
structure will interfere with the binding of primers to their 
homologous regions of vRNA. Furthermore, during the processes 
of RT and amplification, such regions may result in premature 
termination or inaccurate sequence data caused by the 
polymerase reading across, thereby omitting, these secondary 
structures.
Various methodologies exist for the dénaturation of RNA 
prior to RT, the most widely used being a sirrple heat 
dénaturation (section 2.10.1.). However when more persistent 
secondary structure is present, methyl mercury hydroxide (MMH) 
may be employed as a method of dénaturation (Sambrook et al., 
1989). A number of experimental protocols have been published 
describing the use of MMH to temporarily remove persistent 
secondary structure present in some RNA molecules (Despres et 
al., 1987; Gibson et al., 1990; Schelp, 1989; Kinney, 1988).
The way in which organic compounds of mercury, 
particularly MMH, can reversibly denature the structure of 
nucleic acid has been known for some time (Simpson, 1963; 
Gruenwedel and Davidson, 1966). This ability has been used to 
achieve enhanced rates of transcription of both DNA and RNA 
(Payvar and Schimke, 1979; Frenkel et al., 1985). However, 
none of the published protocols appears to have used this 
method of dénaturation prior to RT and amplification. 
Furthermore, no optimisation of the amounts of MMH necessary to 
remove the secondary structure, whilst not impairing the
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performance of subsequent RT and polymerase chain reaction 
(PCR) procedures, appears to have been performed.
Early investigation of association constants between 
methylmercuric ions and nucleosides (Siitpson, 1963) indicated 
that, for adenosine, cytidine, guanosine and uridine, an 
average of two molecules of MMH reversibly bind with each 
nucleoside molecule, although up to four molecules of MMH can 
theoretically bind with one molecule of guanosine. This 
observation provided some evidence for the minimum amount of 
MMH likely to be required to effect dénaturation of RNA. If it 
is assumed that two molecules of MMH (molecular weight 232) 
react with one molecule of nucleoside and that the average 
molecular weight of a nucleoside is 318, it can be calculated 
that 1.46 (Jug of MMH would react with, and denature, 1 jitg of 
RNA. Under non-ideal reaction conditions, for example where 
vRNA is contaminated by cellular RNA, higher levels of MMH will 
be necessary.
MMH reacts reversibly with sulphydral compounds and 
therefore B-mercaptoethanol (5-ME) can be used to reverse the 
binding of MMH to the nucleic acids. It will also remove any 
excess mercury ions from the reaction and thus prevent any 
later interference with the structure, and hence activity, of 
reverse transcriptase. Since MMH is also extremely toxic and 
volatile, a slight excess of B-ME is advisable to ensure its 
complete removal. However B-ME also reacts with other divalent 
cations and the enzyme effecting RT has an absolute requirement
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for magnesium ions (Maniatis et al., 1982). Therefore in order 
to maintain recommended levels of magnesium, and other ions, 
for RT, calculated amounts of magnesium ions were added, after 
the MMH and B-ME had reacted, to ensure reaction of any excess 
B-ME, before RT was initiated.
Other methods of dénaturation were also considered. As
shown in Table 4.1, low concentrations of urea, dimethyl
sulfoxide (OMSG), N,N-dimethylformamide (EMF), sodium dodecyl 
sulphate (SDS) and formamide have no obvious negative effect on 
the polymerase activity of Taq DNA polymerase (Taq). No 
information is available as to which parameters of the PCR are 
affected by the presence of these compounds. Suggestions have 
been made that EMSO may affect the melting terrperature of the 
primers, the thermal activity profile of the Taq and (or) the 
degree of product strand separation achieved at dénaturation
(Gelfand, 1989). It is possible that the effects on the
incorporation activity seen may not reflect the degree to which 
these agents affect the PCR.
Urea, SDS and formamide are ionisable compounds, which 
form ions when dissolved in aqueous solutions. Their 
(negative) anions are therefore able to attract (positive) 
hydrogen ions. ayiSO and EMF are polarisable compounds, in 
which the distribution of electrons within each molecule can 
change when they are subjected to external charges. When EMSO 
and IMF are dissolved in aqueous solutions, their electron 
distributions rearrange to produce a slight positive charge at
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TABLE 4.1
E FFEC TS  OF DENATURANTS ON TAQ DNA POLYMERASE A C T IV IT Y
Dénaturant C oncentr a t io n A ct iv i ty  (%)*
Urea (0.6M 100
1M 118
1.5M 107
2M 8 2
DMSO 41% 100
10% 53
DMF 45% 100
10% 8 2
Formamide 410% 100
15% 8 6
SDS 0.001% 105
0.01% 10
* dNTP incorporat ion a c t iv i ty  with  
Salmon sperm DNA, per 10 minutes.
(M od i f ie d  from Gelfand (1989) .)
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one end of the molecule and a slight negative charge at the 
other end. This polarisability, in turn, produces an effect on 
hydrogen bonding. Therefore, both ionisable and polarisable 
molecules are able to disrupt the hydrogen bonding of nucleic 
acids, the ionisable compound having a stronger effect. 
However, the specific effect(s) which the properties of these 
compounds exert on the reaction conditions of the PCR, awaits 
elucidation.
Even less is understood about the effects of these 
dénaturants on the enzymes and reaction conditior^ of RT. It 
was thought probable that most of problems with secondary 
structure would occur during the RT reaction rather than later, 
when the RNA had been reverse transcribed to produce the RNA- 
cDNA hybrid or amplified to produce cDNA. However, it is also 
known that PCR may be adversely affected by the base 
composition of the template; G-C rich regions of DNA may impede 
initial genomic dénaturation making the annealing of the 
primers difficult to effect (Smith et al,, 1990).
It was decided to include these dénaturants in both the RT 
reaction and PCR, at the optimal levels for the activity of the 
Taq (in the absence of information about RAV-2 reverse 
transcriptase (RAV-2 RT) ), in an attempt to assess whether 
their presence would help to overcome the difficulties being 
experienced.
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One further method of enhancement was tried. Glycerol had 
been tested, as a cosolvent, with a difficult target DNA and 
found to enhance amplification (Smith et al,, 1990). 
Furthermore, it had been found helpful in enhancing the 
amplification of long (2.5 kb) products. Optimal levels of 
glycerol in initial tests were found to be 10%, but subsequent 
testing in different systems showed that the required levels 
varied substantially and included levels up to 20%. Two 
different concentrations of glycerol were therefore assessed as 
to their suitability for use in the RT-PCR system thus far 
developed.
4.3. Experimental work.
All the methods used in this Chapter, apart from the MMH 
low level dénaturation methodology, are described in Chapter 2. 
Any variatiore to basic methodologies are described where 
appropriate.
4.4. Methyl mercury hydroxide dénaturation of vRNA.
Studies of the way in wbich MMH dénaturation of vRNA, and 
its subsequent removal, were effected (section 4.2.) were used 
to develop a protocol for low level MMH dénaturation. This 
methodology is detailed overleaf:
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4.4.1. Low level methyl mercury hydroxide dénaturation 
methodology.
{It is important to note that this methodology mast be 
performed in a fume hood wearing two pairs of disposable 
gloves) .
MMH is added to a final concentration of 0.63 itM in a 
final volume of 5 jitl, thorough mixing is effected and the vRNA 
suspension is incubated at room tenperature for 10 mins. 500 
ng of anti-sense primers in a volume of 1 jutl, also heat- 
denatured as described in section 2.10.1., are added 
immediately after the dénaturation step has been couplets. 13- 
ME is added to a final concentration of 0.59 mM in a final 
volume of 6.5 /^l, thorough mixing is effected and the reaction 
mix is incubated on ice for 5 mins. Magnesium chloride is 
added to a final concentration of 0.1 iriM in a final volume of 7 
JLtl and the reaction mix is maintained on ice.
4.4.2. Low level methyl mercury hydroxide dénaturation 
of flaviviral vRNA.
The effect of the addition of this dénaturation protocol 
on the subsequent RT and airplification of flaviviral vRNA. was 
assessed using a gradient purified preparation of vRNA from the 
tick-bome encephalitis (TBE) virus (Central European subtype, 
strain Hochosterwitz) (CEE Hochosterwitz). The primers used 
(Table 2.2), YF7 and TICKl, flank a region from base 836 to
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1271 in the structural protein coding region (Mandl et al,, 
1988) to produce a fragment 476fcp long (including primers).
This experiment included three variations on the MMH 
dénaturation methodology;
1. The CEE Hochosterwitz vRNA was heat denatured only(section 2.10.1.).
2. The CEE Hochosterwitz vRNA was heat denatured, MMHdenatured and B-ME treated, but no additionalmagnesium ions were added.
3. The CEE Hochosterwitz vRNA was heat denatured, MMHdenatured, B-ME treated and magnesium ions were added.
The subsequent RT, anplification, and electrophoresis of 
these three samples was performed as given in sections 2.10.2. 
to 2.11. Subsequent cloning, sequencing, and analysis of the 
desired cDNA fragment was performed as described in Chapter 2.
A comparison of the amplified products of CEE 
Hochosterwitz vRNA is shown in Figure 4.1. It was evident 
that heat dénaturation only. Lane 1, produced only a very pale 
amplified band of cDNA of the desired size and in addition a 
number of other non-specific bands. When heat dénaturation, 
MMH dénaturation and B-ME removal were performed, a strong band 
of the desired cDNA fragment was obtained; however there were 
still a number of non-specific cDNA bands being produced. When 
the complete protocol of heat dénaturation, MMH dénaturation, 
B-ME removal and addition of magnesium ions was performed a 
very good result was obtained (Lane 3). The desired band of
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FIGURE 4.1
COMPARISON OF HEAT AND LOW LEVEL  
M E T H Y L  MERCURY HYDROXIDE DENATURATION
(2% agarose gel containing the ampl i f ied products of  
H o c h o s t e rw i t z  vRNA using primers YF7 and TICK1)
1
Lane1:  Heat  dénaturat ion  only
2: Hea t  dénaturat ion plus MMH dénaturat ion
plus p - M E  t rea tm ent  
3: Heat  dénatura t ion plus MMH dénatura t ion
plus p - M E  trea tment plus addit ion of magnesium ions 
4: # X 1 7 4 /H a e  III molecular weight markers
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amplified cDNA was obtained with only a single pale non­
specific band also being present. The aitplified cDNA from the 
desired band was cloned and stibsequently confirmed to be cDNA 
to CEE Hochosterwitz vRNA by determination of the nucleotide 
sequence (Figure 4.2.) and sequence analyses. The sequence 
data was found to show a high degree of homology (99.3%) with 
the closely related CEE subtype, strain Neudoerfl (CEE 
Neudoerfl) virus.
4.5. The effects of a number of denaturing compounds on
reverse transcription and amplification of flaviviral 
vRNA.
The effect of a number of other denaturing conpounds, and 
a cosolvent, on the processes of RT and PCR was tested using a 
gradient purified preparation of the TBE virus, Turkic tick- 
bome encephalitis (TTE) vRNA and two sets of primer pairs:
- JEW7 and JEW3 flanking the structural coding region base 1269 to 2443 (Mandl et al., 1988), to produce a fragment 1220 bp long (including primers).
- JEW3 and TICKl flanking the structural coding region base 836 to 2443 (Mandl et al., 1988) to produce a fragment 1649 bp long (including primers).This experiment included the dénaturants/cosolvent shown
at the following concentrations:
1. Urea: 1 M2. mso: 1%3. [MF: 5%4. Formamide: 10%5. SDS: 0.001%6. Glycerol: 5%7. Glycerol: 2.5%8. Negative control: minus VRNA9. No dénaturant: heat dénaturation only
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FIGURE 4.2
N U C L E O T ID E  AND DEDUCED A M IN O ACID S EQ U E N C ES  OF 
PART OF THE STRUCTURAL PROTEIN  CODING REGION OF  
CEE H O C H O S T E R W IT Z  V IRUS
UGGAAGAACAGGCUACUUGCCUUGGCAAÜGGUUACCGUUQÜGUGGUUGACCCUQGAGAGUW K N R L L A L A M V T V V W L T L E S
GUGGUGACCAGGGUCGCCGUUCUUGUUGUGCUCCUGUGUUUGGCACCGGUUUACGCÜUCGV V T R V A V L V V L L C L A P V Y A S
CGUUGCACACACUUGGAAAACAGGGACUUUGUGACUGGUACUCAGGGGACUACGAGGGUCR C T H L E N R D F V T G T Q G T T R V
ACCUUGGUGCUGGAACUGGGUGGAUGUGUUACUAUAACAGCUGAGGGGAAGCCUUCAAUG T L V L E L G G C V T  I T A E G K P S M
GAUGUGUGGCUUGACGCCAUUUACCAGGAGAACCCUGCUAAGACACGUGAGUACUGUUUAD V W L D A I Y Q E N P A K T R E Y C L
CACGCCAAGUUGUCGGACACUAAGGUUGCAGCCAGAUGCCCAACAAUGGGACCAGCCACUH A K L S D T K V A A R C P T M G P A T
UUGGCUGAAGAACACCAGGGUGGCACAGUGUGUAAGAGAGAUCAGAGUGAUCGAGGCUGGL A E E H Q G G T V C K R D Q S D R G W
GGCAACCACUGUGGACU G N H C G
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All samples were heat denatured (section 2.10.1.). The 
concentrations of the given dénaturants was maintained 
throughout RT and amplification imhich was otherwise performed 
as described sections 2.10.2. and 2.10.3. The products were 
electrophoresed and photographed (section 2.11.).
A positive control was also performed on the same batch of 
vRNA. This was MMH denatured, section 4.4.1., and was then 
reverse transcribed, electrophoresed and photographed as 
described in sections 2.10.1. to 2.11., using the same primer 
pairs also described.
The results of the two sets of dénaturation ejperim^ts 
(1-9) are shown in Figure 4.3a. (primers JEW3 and JEW7) and 
4.3b. (primers JEW3 and TICKl). It was clear that none of the 
denaturants/cosolvents used had produced the desired band of 
amplified cDNA. It was noted that some of the lanes contained 
a ‘smear* (upper wells of both 4.3a. and 4.3b: lanes 2, 5, 6; 
lower wells of both 4.3a. and 4.3b: 1, 2, 3) vhereas other 
lanes appeared clear (upper wells of both 4.3a. and 4.3b: lanes 
1, 3, 4). The control lane had a smeared appearance and so 
this was taken as the normal appearance for this particular 
preparation of vRNA. Therefore it was noted that urea, DMF and 
formamide exerted an effect on this preparation, the result of 
vhich was to remove the smear seen. Without further 
experimentation, no conclusions could be made.
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Figure 4.3  Notes
(a)  Upper Wel ls
Lane 1: 1M Urea  
2: 1% DMSO  
3: 6% DMF  
4: 10% Formamide  
5: 0 .001% SDS  
6: 6% Glycerol
8: ÿ X 1 7 4 /H a e  II I  molecular  weight  markers
(b) Lower Wells
Lane 1: 2.5% Glycerol
2: Negat ive control : minus vRNA
3: Heat  dénaturat ion only
7: ^ X 1 7 4 / H a e  II I  molecular weight  markers
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FIGURE 4.3
COMPARISON OF D IF F E R E N T  M ET H O D S OF DENATURATION
(2% agarose gels)
(a )  Ampli f ied  products of TTE vRNA  
using pr imers JE W 3  and JEW 7
(b)  Ampli f ied  products of TT E  vRNA  
using pr imers J E W 3  and T IC K l
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This experiment also confirmed that it was not possible to 
obtain the desired cDNA band using heat dénaturation alone.
The results of the two positive controls are shown in 
Figure 4.4. The amplification of MMH denatured TTE vRNA using 
primers JEW3 and JEW? is shown in Figure 4.4a., Lane 4. A band 
of amplified cDNA of the desired size (1220 tp) was produced. 
This fragment was subsequently cloned and sequenced and 
verified as cDNA to TTE vRNA. Furthermore no deleted sections 
were found within this sequence. A fuller discussion 
pertaining to the sequence data will be the subject of Chapter 
8. It had not been possible to obtain this cDNA band using 
heat dénaturation, any of the dénaturants (at the levels used), 
or the cosolvent. It was also noted that the appearance of the 
lane was smeared.
The airplification of MMH denatured TTE VRNA using primers 
TICKl and JEW3 is shown in Figure 4.4b., Lane 4. No band of 
amplified cDNA of the correct size, 1649tap, was obtained.
4.6. Discussion.
The results obtained with the complete protocol of low 
level MMH dénaturation were very encouraging. The desired band 
of amplified cDNA to the vRNA of CEE Hochosterwitz virus, 
previously obtainable as only a very pale band when just heat 
dénaturation of the vRNA was effected, was subsequently
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FIGURE 4.4
AMPLIFICATION OF MMH DENATURED T T E  vRNA  
(2% agarose gels)
(a) Pr imers J E W 3  and JEW7: 1220bp Fragment
1220bp
Lane 4: Ampli f ied  product  of TTE vRNA
7: 0 X 1 7 4 /H a e  III molecular  weight markers
(b) Primers JE W 3  and TICK1: 1649bp Fragment
1649bp
Lane 4: Ampli f ied  product  of TTE  vRNA
7: ^ X 1 7 4 /H a e  III molecular weight  markers
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obtained as a strong band viien the conplete MMH dénaturation 
method was additionally used. The desired band was obtained 
with only a single pale non-specific band also being present. 
Furthermore sequence data obtained from the cDNA in the desired 
band had a high degree of homology to a closely related strain, 
CEE Neudoerfl virus.
The experiments on TIE virus vRNA, using two different 
primer pairs, a variety of other dénaturants, and a cosolvent, 
were not successful in producing a correct band of amplified 
cDNA. Similarly this experiment also confirmed that it was not 
possible to obtain the desired band using heat dénaturation 
alone. It must therefore be assumed that although these levels 
of dénaturants, and cosolvent, enhance the activity of Taq, 
there would appear to be an adverse effect on RAV-2 RT itself 
or on the process of RT. Further experimentation to 
investigate the nature of this adverse result was not 
performed.
The positive control performed on TTE virus vRNA (from the 
same batch) was done for two reasons. Firstly to ascertain 
whether the low level MMH dénaturation protocol would be 
successful, vhere others were not, in producing the desired 
amplified product from this vRNA. Secondly to confirm that the 
vRNA used in the denaturation/cosolvent experiment was in a 
condition suitable for RT and amplification.
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The resultant successful anplification, using primers JTW3 
and JEW7, confirmed that MMH dénaturation was enabling the RT 
and amplification of this cDNA product. However, the result 
obtained with primers TICKl and JEW3, to obtain a 1649 bp cDNA 
fragment, was not successful and there are two possible reasons 
for this. The first possible reason was that the length of 
fragment required was stretching the limits of the system thus 
far devised; the second was that the primer did not have 
sufficient homology to its target region to be able to bind 
efficiently. The first reason has been discredited by 
subsequent work by myself and colleagues in ^ ich fragments of 
this length have been obtained on a number of occasions (to be 
discussed later in this thesis). The second possible reason is 
discussed further in Chapter 5. The sequence data of TTE virus 
resulting from this experiment will form the subject of Chapter 
8 .
The presence of a 'smear' in some of the lanes in Figure
4.3. is, on occasions, associated with degraded nucleic acid. 
This experiment provided proof of the integrity of the vRNA and 
removed any doubt that amplification in the presence of other 
denaturants/cosolvents were unsuccessful because of poor 
quality vRNA.
The primary aim of the studies of the last two Chapters, 
to develop a RT and PCR methodology which would amplify 
particular target regions in the structural protein gene region 
of a variety of flaviviruses, appeared to be largely achieved.
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Further experimentation described in this Chapter has shown 
that the use of both the heat and low level MMH dénaturation 
protocols, prior to the RT and amplification procedures 
developed in the last Chapter, produces amplified cDNA vhich 
contains no deletions produced by the enzymes reading across 
regiorfâ of secondary structure. This is further substantiated 
in later Chapters. This methodology thus far developed, 
sections 2.10.1. to 2.10.3., plus the low level MMH 
dénaturation methodology performed after heat dénaturation, was 
subsequently used to obtain all the other sequence data 
reported in this thesis.
Furthermore, the hypothesis that the presence of secondary 
structure in the vRNA of these viruses was contributing to 
making the results of some amplifications unpredictable, was 
also supported by these studies.
It should be noted that it is possible that this protocol 
of low-level MMH dénaturation may also prove useful for the 
successful PCR of other RNAs containing troublesome secondary 
structure.
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CHAPTER 5.
Studies of the oligonucleotide primers used for the reverse 
transcription and amplification of viruses of the tick-home
encephalitis complex.
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5.1. Summary.
This Chapter describes the final investigative stages in 
the establishment of a reliable methodology for the processes 
of reverse transcription (RT) and amplification of the viral 
RNA (vRNA) of flaviviruses, and in particular members of the 
tick-bome encephalitis (TBE) complex.
Factors involved in the successful design of primers for 
the RT and amplification of vRNA were examined. Analyses of 
the successful, or unsuccessful, annealing of primers to the 
TBE vRNA/cDNA template during RT and amplification, and during 
sequencing, were performed. The aim was to elucidate those 
factors important in the design of successful primers for use 
with this complex of viruses. The relative importance of these 
factors was discussed.
The results of the primer annealings were also analysed, 
to determine vhether the pattern of primer annealing seen 
mirrored antigenic or geographical relationships existing 
between viruses of the TBE complex.
Finally the specificities of a number of primers was 
examined and their suitability as complex, subtype or species 
specific primers/probes is discussed. Specifically, the 
suitability of primer YF7 as a probe for viruses of the TBE 
antigenic complex in particular and flaviviruses in general is 
discussed.
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5.2. Introduction.
The necessity to design appropriate primers for the 
reverse transcription (RT) and amplification of the RNA of 
viruses of the tick-bome encephalitis (TBE) complex was 
clearly very important to the success of these studies. During 
the early stages, the incomplete nucleotide sequences of only 
two TBE viruses were available upon vhich to base the design of 
appropriate primers:
TBE virus (Russian spring and summer encephalitis subtype, strain Sofjin) (RSSE Sofjin) - structural proteins and non-structural protein 1 (NSl) genes (Yamshchlkov and Pletnev, 1988).
TBE virus (Central European subtype, strain Neudoerfl) (CEE Neudoerfl) - structural protein genes (Mandl et al., 1988).
During the course of these studies further sequence data 
became available including the completed whole sequences of the 
two viruses already described (Mandl et al., 1989a; Pletnev et 
al., 1990). More recently, the following sequences have also 
been published:
Louping 111 (LI) virus - structural protein genes (Shiu et al., 1991).
Langat virus strain TP21 (LOT TP21) and Yelantsev virus - structural protein genes (Mandl et al., 1991b).
The aim of these studies was to obtain sequence data of 
the structural protein genes, in particular the envelope (E) 
protein gene, from a number of viruses in the TBE complex. As 
has been discussed (section 1.5.2.), the degree of relatedness
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between the different members of this complex is ill defined. 
Therefore in designing priiners for different virus members, it 
was not clear how closely or distantly related some viruses 
were to the reference viruses, CEE Neudoerfl and RSSE Sofjin. 
The design of primers which would anneal to different viruses 
was therefore challenging. Regions of high homology between 
the reference viruses were chosen as putative regions of 
conservation, which it was hoped would exist in other related 
virus members. Furthermore regions were selected vhich were 
known to be conserved amongst the flaviviruses, including the 
cleavage sites (section 1.3.) and the putative acid catalysed 
fusion region (amino acids 98-111 in the E protein gene) 
(section 1.2.3.).
In addition to choosing the correct sequence positions for 
these primers, other factors needed to be considered. The 
design of efficient and specific primers remaim a somewhat 
'hit and miss' process; no one set of rules exists to ensure 
the synthesis of an efficient primer pair. However, in general 
a successful primer should be designed to contain:
^proximately 18 to 25 nucleotides;
A random base distribution;
- A G-C content of between 50 and 60%;
- No significant internal secondary structure;
- No complementarity with other primers used in the same reaction. In particular no 3 ' overlaps to induce the incidence of primer dimers;
Three nucleotides at the 3 ' end homologous to the template nucleic acid. (Sommer & Tautz, 1989);
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No significant homology with any other region of the nucleic acid template.
The optimal length of a primer appears to be within the 
range quoted. Longer primers may be used, but are seldom 
necessary.
A random distribution of nucleotides, in particular no 
palindromic sequences, helps to prevent the formation of any 
persistent secondary structures. Such structures hinder the 
annealing of the primers to the template nucleic acid. 
Furthermore, runs of C's and G's at the 3' end may help to 
promote mispriming at G-C rich regions of template sequence.
Sequences not complementary to the template may be added 
to the 5' end of the primer, for example restriction sites or 
regulatory elements. However it has been reported (Sommer & 
Tautz, 1989) that the 3' end of primers, particularly in 17 to 
20mers, requires at least three nucleotides #iich are 
hoimologous to the template. Any less than this may lead to 
very weak priming or to no priming at all. This publication 
also states that the remainder of the primer requires very 
little homology with the template.
Primer dimer amplification artifacts are found as double 
stranded fragments vhose lengths are very close to the sum of 
the two primers. It is thought they are formed by one primer 
being extended by Taq DNA polymerase (Taq) over the other 
primer. The resultant concatenation is an extremely efficient
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polymerase chain reaction (PCR) template vhich may easily
become the predominant product in a PCR,
These guidelines were followed in the early design of the 
primers used in this study. Additionally, it should be noted 
that some primers used in this study were already available in 
the flavivirus research laboratory (FRL).
The studies performed to analyse the success, or
otherwise, of primers to anneal to the template vRNA/DNA of a 
number of viruses from the TBE complex are described in this 
Chapter. Information from these studies was expanded by 
additional information from subsequent sequencing attempts, in 
vhich the primers were used to sequence the amplified and 
cloned flaviviral cDNA (section 2.15.).
As has been stated, during the course of the studies
performed for this thesis, a number of further nucleotide 
sequences of viruses from the TBE complex became available. It 
therefore became possible to analyse successful and 
unsuccessful primer annealings with reference to known sequence 
data.
These studies also provided an opportunity to investigate 
the similarities and differences between different members of 
the TBE complex of viruses as defined by successful or
unsuccessful priming events. This information was applied to a 
very limited analysis of the genetic relationships between
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these viruses. This analysis will be considerably extended in 
Chapters 7, 8 and 9, vhen the sequence data obtained for this 
thesis is analysed.
It should be stated at this stage that no correlation was 
noted between the purity of the vRNA and the successful 
annealing of primers. Both crude and gradient purified 
preparations of vRNA were used in a variety of RTs and 
airplifications and no differences were evident.
5.3. Experimental work.
All the basic methods used for the RT and amplification of 
the vRNA of viruses of the TBE complex in this Chapter are 
described in sections 2.10.1. to 2.11. and section 4.4.1.
The majority of primers used in this study were of two 
main types:
Specifically designed for this work, as described: 
JEW2, JEW3, JEW4, JEW7, TICKl and TICK2.
Available in the FEOL: RSI, RS2, RS3, RS4 and TPl 
(designed by Dr. Janet Bunker and J.E. Whitby).
In addition, two other primes RP2 and YF7 were also used. 
Primer RP2 was made with 100% homology to sequence from a 
Langat virus, strain TP64 (LGT TP64), clone obtained from my
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earlier studies in molecular cloning. Primer YF7 was already 
available in the FRL and had been made with homology to the 3 ' 
end of the putative acid catalysed fusion region (amino acids 
98-111) in the E protein gene of yellow fever (YF) virus. 
Computer homology analyses, using the Microgenie secpience 
analysis program, of primer YF7 with the reference viruses 
showed that this primer was suitable for use in these studies.
The position and sense of these primers with respect to 
the nucleotide sequence of CEE Neudoerfl virus is shown in 
Figure 5.1. (Mandl et al., 1988).
5.3.1. An analysis of the annealing of primers to the 
VRNA/ODNA template of selected viruses of the 
TBE conplex.
The results of a number of RT and anplifications of 
regions of the vRNA of a number of viruses from the TBE complex 
using a number of primer pairs are assembled in Table 5.1.
Further analyses of Table 5.1. were performed to 
elucidate, as far as was possible, vhich individual primers 
were successful at annealing to vhich viral templates. These 
analyses were performed in the following way. Firstly those 
primers pairs vhich successfully annealed to template vRNA, 
vRNA-cDNA hybrid, cDNA (vRNA/cDNA) to produce the desired 
amplified cDNA fragments were identified as successful primers. 
Building on this information, individual primers involved in a
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F I G U R E  5.1
P O S IT IO N  OF THE M A JO R IT Y  OF PRIM ERS USED ON 
CEE N EU D O E R F L  vRNA TEMPLATE
GCGUUUGCUU CGGACAGCAU OAGCAGCGGO ÜGGÜUUGAAA GAGAUAUUCU mJUGUUUCUA CCAGOCGUGA ACGÜGUDGAG AAAAAGACAG CUÜAGGAGAA 
CGCAAACGAA GCCUGÜCGUA AUCGOCGCCA ACCAAACUÜU CUCÜAOAAGA AAACAAAOAU GGÜCAGCACO UGCACAACUC UUUOUCUGUC GAAOCCUCOT .
T IC K 2101
CAAGAGCOGG GGAOGGÜCAA GAAGGCCAUC CUGAAAGGOA AGGGGGGCGG UCCCCCUCGA CX3AGUGUCGA AAGAGACCGC AACGAAGACG CGUCAACCCA 
p U UCÜCG^CC CCUACCAGÜU CUUCCGGGAG GACUUUCCAU UCCCCCCGCC AGGGGGAGCO GCUCACAGCU UUCUCUGGCG UUGCUUCUGC GCAGUUGGGU
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GAGUCCAAAÜ GCCAAAÜGGG CUUGUGUUGA UGCGCAÜGAU GGGGAÜCUÜG OGGCAUGCCG ÜAGCCGGCAC CGCGAGAAAC CCCQUAUUGA AGGCGOUCUG 
COCAGGUUUA CGGUUUACCC GAACACAACU ACGCGUACÜA CCCCÜAGAAC ACCGOACGGC AUCGGCCGÜG GCGCUCUUUG GGGCAUAACU UCCGCAAGAC
30 1
GAACUCAGUC CCUCUGAAAC AGGCAACAGC AGCACÜGCGG AAGAOCAAAA GGACGGUGAG OGCCCTAAUG GUUGGCUGGC AAAAACGUGG GAAAAGGAGG 
CÜUGAGOCAG GGAGACUUUG OCCGDUGUCG GCGUGACGCC UUCUAGÜUUU CCOGCCACUC ACGGGAÜUAC CAACCGAACG UUUUUGCACC CUUUUCCUCC
401
OCAGCGACGG ACUGGAUGAG CUGGUÜGCOG GUCAUCACUC ÜGUUGGGGAO GACGCOGGCU GCAACGGÜGA GGAAAGAAAG GGAOGGCUCA ACUGÜGAUCA 
AOUCGCOGCC ÜGACCOACUC GACCAAOGAC CAGÜAGUGAG ACAACCCCUA CUGCGAACGA OGUUGCCACU CCUÜUCUUUC CCÜACCGAGU UGACACÜAGO
5 0 1
GAGCUGAAGG AAAGGAUGCA GCAACUCAGG UGCGUGUGGA GAAUGGCACC UGOGUGAUCC UGGCUACUGA CAUGGQGUCA UGGUGUGAUG AUUCACUGUC 
CUCGAOUUCC DUOCCÜACGÜ CGUOGAGUCC ACGCACACCÜ CUUACCGUGG ACACACUAGG ACCGAÜGACÜ GUACCCCAGU ACCACACOAC UAAGUGACAG
6 0 1
CUAOGAGÜGÜ GUGACCAUAG AOCAAGGAQA AGAGCCUGÜU GACGOGGAUU GUUÜUUGCCG GAACGUUGAU GGAGÜCUAUC OGGAGOACGG ACGCUGOGGG 
GAÜACÜCACA CACÜGGOAOC GAGÜOCCUCU UCOGGQACAA CÜGCACGGAA CAAAAACGGC CUUGCAACÜA CCÜCAGAOAG ACCOCAUGCC UGCGACACCC
7 0 1
AAACAGGAAG GCUCACGGAC AAGGCGCUCA GUGCUGAUCC CAUCCCAÜGC UCAGGGAGAG CUGACGGGAA GGGGACACAA AUGGCGAGAA GGAGACUCGC 
ÜUUGUCCÜUC CGAGÜGCCUG ÜDCCGCX3AGU CACGACtJAGG GOAGGGUAOG AGUCCCUCUC GACUGCCCÜU CCCCUGUGUU ÜACCGAUCUU CCUCOGAGCG
801
GGCGAACACA CCUUACUAGA GUGGAGGGAU GGGUCUGGAA GAACAAGCUA CUUGCCDDGG CAAGGGUUAC CGUUGUGUGG DGGACCCUGG AGAGUGUGGU 
ACGCUUGÜGÜ GGAAOGAUCU CAACGCCCOA C C C ^ ACCUU CDUGOOCGAU GAACGGAACC GÜUACCAAUG GCAACACACC AACÜGGGACC UCUCACACCA
9 0 1  ^  ^
GACCAGGGOU GCCGUUCUGG DUGUGCOCCÜ GUGUUUGGCA CCGGUUDACG CUUCGCGUOG CACACACUUG GAAAACAGGG ACUUUGUGAC UGGÜACUCAG 
CDGGÜCCCAA CGGCAAGAAC AACACGAGGA CACAAACCGO GGCCAAAUGC GAAGCGCAAC GUGOGUGAAC CütTOÜGÜCCC OGAAACACUG ACCAÜGAGOC-
GGGACUACGA GGGDCACCUU GGDGCUGGAA CUGGGUGGAU GUGDDACUAU AACAGCUGAG GGGAAGCCUU CAAUGGADGU GUGGCUUGAC GCCAUUUACC 
CCCUGAOGCa CCCAGÜGGAA CCACGACCUU GACCCACCUA CACAAÜGAUA UUG0CX3ACUC CCCUUCGGAA GUOACCUACA CACCGAACUG CGGOAAAUGG
1101
AGGAGAACCC UGCUAAGACA CGUGAGOACU GUUUACACGC CAAGUUGUOG GACACDAAGG OUGCAGCCAG AÜGCCCAACA AÜGGGACCAG CCACUUDGGC 
DCCUCUGGGG ACGAUUCUGU GCACUCAÜGA CAAAUGÜGCG GGUCAACAGC COGOGAUUCC AACGUCGGUC DACGGGUUGU UACCCÜGGUC GGUGAAACCG
-e Ü!_____
UGAAGAACAC CAGGGUGGCA CAGOGOGOAA GAGAGAUCAG AGOGADCGAG GCUGGGGCAA CCACUGUGGA CUGUUUGGAA AGGGUAGCAÜ UGOGGCCÜGO 
ACUUCÜUGÜG GÜCCCACCGU GDCACACAUU CUCUCUAGUC UCACUAGCUC CQACCCCGUU GGUGACACCU GACAAACCUU UCCCAUOGOA ACACCGGACA
1301 ':™7 "
GOCAAGGCGG CDUGUGAGGC AAAAAAGAAA GCCACAGGAC AUGOGUACGA CGCCAACAAA AUAGOGOACA CGGUCAAAGU CGAACCACAC ACGGGAGACU 
CAGUUCCGCC GAACACUCCG UnOUXJUCUUU CGGUGUCCUG UACACAUGCU GCGGUGGUUU UADCACAUGU GCCAGUUUCA GCUUGGUGUG UGCCCUCUGA
1 4 0 1
AUGDUGCCGC AAACGAGACA CAOAGGGGGA QGAAGACGGC AOCCÜUCACA AUDUCODCAG AGAAAACCAU UUUGACUAUG GGUGAGUAGG GAGAGGUGUC 
UACAAOGGCG UUUGCUCÜGD GUADCACCCO CCUÜCÜGCCG OAGGAAGOGD OAAAGAAGUC OCUUOUGGOA AAACUGADAC CCACUCAÜAC CÜCÜACACAG
1 5 0 1
UUUGUUGOGC AGGGDCGCUA GDGGCGUUGA CUUGGCCCAG ACCGDCAUCC UOGAGCUUGA CAAGACAGUG GAACACCUDC CAACGGGUUG GCAGGUCCAD 
AAACAACACG UCCCAGCGAU CACCGCAACD GAACCGGGUC ÜGGCAGDAGG AACÜCGAACD GOUCGGUCAC CUUGOGGAAG GGOGCCGAAC CGÜCCAGGDA
1 6 0 1
AGGGACCGGU UCAAGGAUCU GGCUCGGCCA UGGAAACAUG AGGGAGCGCA AAACUGGAAC AACGCAGAAA GACUGGUDGA AUUUGGGGCU CCUCACGCGG 
ÜCCCÜGACCA AGOUACUAGA CCGAGACGGO ACCUUUGÜAC GCCCUCOCGO OUUGACCOUG OUGCGOCUUO CÜGACCAACU ÜAAACCCCGA GGAGÜGCX3AC
1 7 0 1  ______ l I E Ü l — . . .
GCAAGAOGGA CGUGGACAAC CUCGGAGACC AGACOGGAGO GUUACUGAAG GCUCOCGCUG GGGOUCCUGU GGCACACACJU GAGGQAACCA AGUACCACCU 
AGiroCUACCÜ GCACAUGOUG GAGCCOCOGG UCUGACCÜCA CAAÜGACUOC CGAGAGCGAC CCCAAGGACA CCGÜGDGUAA COCCCÜUGGO ÜCAÜGGOGGA
GAAGAGOGGC CACGUGACCU GCGAAGOGGG ACUGGAAAAA CUGAAGAUGA AAGGGCUUAC GUACACAAGG UGUGACAAAA CAAAGUUCAC ADGGAAGAGA 
CDDCÜCACCG GOGCACTGGA CGCUUCACCC OGACCUUUUU GACUUCÜACU UUCCAGAAOQ CAUGÜGUOAC ACACUGUUUU GUUUCAAGUG UACCÜUCÜCO
1 9 0 1
GCOCCAACAG ACAGUGGGCA UGAUACAGUG GUCAUGGAAG UCACAUUCUC UGGAACAAAG CCCG6UAGGA UCCCAQOCAG GGCAGGGGCA CAUGGADCUC 
OGAGGUUGOC UGDCACCCGU ACUADGÜCAC CAGÜACCUUC AGUGUAAGAG ACCUDGUDUC GGGACAOCCÜ AGGGOCAGOC CCGÜCACCGU GUACCÜAGAG
GAQAGGDGAk CGUGGCCAUG CUGAOAACGC CAAACCCAAC AAtlUG AAAAC AAUG6AGGUG GCUUCAUAGA GAUGCAGCGG CCCCCAGGGG ADAACAUCAU 
GtrCUACACDD GCACCGGUAC OACDAnUGCG GUUUGGGUUG UUAACUUUUG UGACCUCCAC CGAAGGAUCU COACGDCGAC GGGGGUCCCC UAUUGUAGGA 
RS3
CUAGGGUGGG QAACUGAGUC AGCAAOGGUO CCAAAAAGGG AGCAGCAUCG GAAGGGGUUU CCAAAAGACC AAGAAAGGCA UAGAAAGACU GACAGUGAGA
GAOACAACCC CUUGACÜCAG ÜAGODACCAA GGOUUUUCCC UCX3ÜCGUAGC CÜDCCCAAAA GGUUUGCGGG UUCUUUCCGU AUCUUUCUGA COGUCACOAU
2201
GGAGAGCACG CCUGGGACUU CGGÜUCUGCÜ GGAGGCUUUC OGAGUOCAAG ÜGGGAAGGOG GOACAUACGG UCCUUGGÜGG CGCUÜUCAAC AGCAUCDUCG
CCUCUCGUCC GGACCCGGAA GCCAAGACGA CCÜCCGAAAG ACOCAAGUUA ACCCOUCCGC CAÜGUAUGCC AGGAACCACC GCGAAAGUUG UCGUAGAAGC
2 3 0 1  ^ __________________________
GGGGAGGGGG GUUUCÜACCA AAACtJUUUAU OAGGAGOGGC AUUGGCÜUGG UUGGGCCUGA ACAUGAGAAA CCCUACAAOG UCCAUGAGCU UOCUCTOGGC
CCCCUCACCC CAAAGAUGGU ÜDUGAAAAÜA A0CC0CACCX3 UAACOGAACC AACCCGGACO DGUACUCUUO GGGAUGUUAC AGGOACUCGA AAGAGAACCG-= ^  2 =
UGGAGGOCUG GOCUUGGCCA DGACCCUUGG AGUGGGGGCG GAUGUUGGOU GCGCUGUGGA CACGGAACGA AUGGAGCUCC GCUGUGGCGA GGGCCUGGOC
ACCÜCCAGAC CAGAACCGGU ACUGGGAACC ÜCACCCCCGC COACAACCAA CGCOACACCU GUGCCUÜGCU UACCGCGAGG CGACACCGCU CCCGGACCAG
2 5 0 1
GDGOGGAGAG AGGÜCÜCAGA AUGGUAUGAC AAOUAÜGCCO ACÜACCCGGA GACACCGGGG GCCCUUGCAÜ CAGCCAGAAA GGAGACAUUU GAGGAGGGAA
CACACCGCUC UCCA6AGUCU UACCAÜACUG OUAAOACGGA UGAUGGGCCU CUGUGGCCCC CGGGAACGOA GUCGGUAUUU CCOCÜGUAAA CÜCCOCCCOO
JEW3
(Mandl ef aL, 1988)
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TABLE 6.1
RESULTS OF REVERSE T R A N S C R IP T IO N  AND AMPLIF IC ATION  
OF vRNA OF V IRUSES FROM THE TBE A N T IG E N IC  C O M P L E X  
USING D IF F E R E N T  PAIRS OF PRIM ERS
P rim e r P a irs
1
g i
1
3
;h-
3 = j
V iruses
i
Z 1 ,
!
m lÜ  X
8
ÎCO
m  '
1= ;
J E W 3  +  JE W 2 * No * * * Y es No
J E W 3  +  JE W  7 Y e s No No No No No * No Y e s
J E W 3  +  T IC K l Y e s No No No Y es if No No No
J E W 4  +  JE W 2 * No * * * * * *
J E W 4  +  JE W 7 * No * if * * * * *
J E W 4  + T IC K l * No * it * * * * No
J E W 4  +  T I0 K 2 No * * * * * * * *
J E W 4  +  TP1 * No * « * * * * *
JE W 5  +  T IC K1 * Y es * * * * * *
JE W 5  + T IC K 2 No * * * * * * * *
JE W S  + TP1 * * * * * * * No
R P 2 + JE W 3 * * No * * * * *
R P 2 +  R S I * No No No * * * *
R P 2 + Y F 7 * Y e s Y es * * * * *
R S I + JE W 2 * No No No * * Y es * *
R S I + JE W 7 * No No No * * M No No
R S I +  TIGK1 * No No No * No Y e s No No
R S I + T P 1 * No No No * * * * *
R S 2  +  JE W 2 * * if No * * * * *
R S 2  +  JE W 7 * * * * * * * No *
R S 2 +  T IC K l * * No * * * No No
R S 3 + JE W ? * * * * * * * No Y e s
R S 3  + T IC K l * * * * * * * No N o
R S 4  + JE W ? * * * ., * * * No Y e s
R S 4  +  TICK1 * * * * * * * No No
Y F ?  + T IC K l Y es M M Y es * Y e s Y es Y e s No
Y F ?  +  T IC K 2 No * * * * * * * Y e s
Y F ?  +  TP1 * Y e s * * * * * * Y e s
Yes -  Correct DNA fragment amplified 
No -  No priming
M -  Mispriming; Incorrect DNA fragment amplified 
* -  Not tested
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number of unsuccessful priming events could be identified as 
either successful or unsuccessful. Additional information was 
taken from the results of successful/unsuccessful annealings 
during sequencing reactions on amplified cDNA to vRNA of 
viruses of the TBE complex. Where such information was used, 
this is indicated in Table 5.2. by the notation 'Seq'. In some 
cases, primers annealed at a position different from that 
expected (mispriming) and this is indicated in Table 5.2 by an 
'M'. Insufficient information was available to categorise some 
primers.
Further detailed analyses were then performed into the 
nature of the actual template sequences to vhich the primers 
annealed during RT and aitplification. It should be remembered 
that these primers were made with very close homology to the 
vRNA of the two reference viruses. It is therefore likely that 
the section of template, to vhich the primers actually annealed 
(or did not anneal) in other virus members of the TBE conplex, 
was different. These differences were made clear by an 
alignment of primer, reference virus sequence, and actual virus 
sequence. These analyses were made possible during the later 
stages of these studies by the publishing of the nucleotide 
sequences of a number of viruses of the TBE complex. 
Additionally, the results of the studies for this thesis made a 
number of nucleotide sequences available:
LI virus sequence (Shiu et al., 1991).
LGT TP21 virus sequence (Mandl et al., 1991b).
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LGT TP64 virus sequence (Figure 9.2.).
- Turkish tick-bome encephalitis (TTE) virus sequence 
(Figure 8.2.).
CEE Kumlinge virus sequence (Figure 7.2.).
CEE Hochosterwitz virus sequence (Figure 4.2.).
The alignments between primer and vRNA templates, vhere less 
than 100% homology occurs, are shown in Appendix 1. No 
alignments were performed for Negishi, Powassan, and Skalica 
viruses as no sequence data is yet available for these viruses.
Analyses of these alignments were performed to elucidate a 
number of points:
1. The total number of matches occurring between the primer and the template viral sequence.
2. The number of matches between the three nucleotides at the 3' end of the primer and the template viral sequence.
3. The length of the longest uninterrupted stretch of annealed nucleotides within the primer/viral template sequence.
The results of these analyses ' 1-3 ' are shown tabulated in 
Table 5,3. Finally, Appendix 1 and Table 5.3. were examined to 
elucidate vhether any factors were evidently important in the 
design of efficient primers. The following factors were taken 
into account in this analysis of the primer/template sequence:
- The number of overall mismatches;
The number of mismatches occurring at the 3' end of the primer and the corresponding template and the distribution of these mismatches;
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- The number of mismatches occurring at the 5' end;
- The particular pattern of annealing and mismatchwithin the length of the primer/target sequence region;
- The G-C content of the primer;
- The length of the primer;
- The presence of any runs of a single nucleotide;
- Whether the length of the cDNA. fragment to beamplified was implicated in a successful outcome.
Analyses were performed of the annealing of primers to the 
viral templates by reference to Tables 5.2., 5.3. and J^pendix 
1. An analysis of the primers and CEE Kumlinge virus template 
showed that the following primers successfully annealed to this 
viral template with no mismatches: JEW4, JEW5, JEW7, RSI, RS2, 
RS3, and RS4. Primer YF7 was successful at annealing with 16 
matched nucleotides from a total of 20 (16/20). Primers JEW3 
and TICKl, both successful at annealing, and primer TICK2, 
unsuccessful at annealing, could not be checked with the 
sequence data available. A high proportion (10/11) of the 
primers were therefore successful in annealing to the CEE 
Kumlinge viral template.
An analysis of the primers and CEE Hochosterwitz virus 
teitplate showed that primers JEW5 and JEW7 had successfully 
annealed to CEE Hochosterwitz virus template with no sequence 
mismatches. Primers JEW2, JEW7, RSI, TICKl and YF7, all 
successful at annealing, and primer JEW3, unsuccessful at 
annealing, could not be checked with the limited sequence data
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available. However a high proportion (6/7) of the primers were 
successful in annealing to CEE Hochosterwitz virus template.
The analyses of the primers and LI virus template revealed 
two successful annealings, primer TICKl and YF7, in ifhich there 
were 4/20 overall nucleotide mismatches and one mismatch at the 
3' end of the primer in both. Similarly the unsuccessful 
annealings, primers JEW3 and RSI, had 5/21 and 5/20 overall 
mismatches respectively and a single mismatch at the 3 ' end of 
the primer. The differences seen between the successful and 
the unsuccessful annealings would therefore appear to be 
marginal. No information can be derived from the uncategorised 
primers, JEW2, JEW7, RS2 and TPl; these comparisons were 
performed for completeness.
The analyses of the primers and LGT TP21 and TP64 virus 
templates revealed four successful annealings, primers TICKl, 
YF7, TPl and JEW5, to both LGT TP21 and TP64 viruses. These 
annealings revealed a confusing variety of results (Table
5.3.). A particularly confusing result was obtained for the 
successful annealing of primer J#75 viiich had 5/20 overall 
nucleotide mismatches and only a single nucleotide match out of 
the preferable three at the 3' end of the primer. The 
amplified cDNA band emanating from this successful annealing 
(primers JEW5 + primer TICKl) was in fact pale and the cDNA 
fragment was very ^ort (254 bp). However, neither of these 
factors would seem to explain the reason for the success of 
this primer to anneal. Primer YF7, more predictably, annealed
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successfully, with 2/20 overall nucleotide mismatches and no 
mismatches at the 3' end of the primer. Primer TPl 
successfully primed to both D3T TP21 and TP64 virus templates 
with 4/16 and 3/16 overall nucleotide mismatches respectively 
and no mismatches at the 3’ end of the primer.
A further very interesting result was seen for primer 
TICKl and LGT virus template. The results of the annealing 
between primer and LGT TP21 and TP64 templates are shown below:
Primer TICKl 5 ' -GACCCATCCCTCAACTCTAG-3 '
Design LGT 5 '-CACCCAACCCUCAACGCGGG-3 • (anti-sense)
*'Misprime' LGT 5 '-GACCCAUCUCÜCÜCUCÜACG-3 ' (anti-sense)
CEE Neudoerfl 5 '-GACCCAUCCCUCAACÜCÜAG-3 ' (anti-sense)
The sequence of LGT TP21 virus to ^ich primer TICKl was 
designed to anneal (design template), was in fact not annealed 
to. Instead the primer repeatedly annealed only to the 
sequence shown asterisked, the misprime template, on both LGT 
TP21 and on LGT TP64 virus templates. A comparison of the 
total number of nucleotide matches between the primer and the 
design template and the primer and the misprime template is 
shown below. Similarly the total number of matches between the 
three nucleotides at the 3 ' end of the primer and the template 
is shown:
Design template 15/20 matches
2/3 matches at the 3' end of primer
183
Misprime template 12/20 matches
3/3 matches at the 3' end of primer •
Clearly the number of nucleotide mismatches of the primer 
to the misprime template was much higher than to the design 
template. However the primer was completely matched to the 
misprime template at the 3' end of the primer, vhereas a single 
mismatch occurred at the design template in this region. This 
is the most obvious advantage that this primer had in 
miispriming away from its design template.
Primer JEW4, was unsuccessful in priming to IGJ} virus 
template. However, there were only 4/19 mismatched nucleotides 
overall and no mismatches at the 3' end of the primer. Similar 
results were seen for many of the successfully annealing 
primers and therefore the lack of success of this primer is 
confusing.
No information may be derived from the uncategorised 
primers, JEW7 and JEW2.
An analysis of the primers and TTE virus template, 
revealed 9/12 of these primers were successful. Four of the 
primers vhich effected successful annealings, JEW4, RS2 and RS3 
and RS4, had a low number of mismatches overall, (1/19, 2/20, 
0/20, and 1/18 respectively) and none, or a low number, of 
mismatches at the 3' primer end (0/2, 0/3, 0/3 and 1/3)
respectively. Primer YF7 had a higher rate of overall
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nucleotide mismatch, 4/20, but only a single mismatch at the 3' 
end and the successful nature of its priming was not at odds 
with other data. No further comparisons were possible of the 
successfully annealing primers, JEW3, JEHT7, TPl, and TICK2 with 
the sequence available. Moreover, it was not possible to 
compare any of those primers which did not anneal, JEW5, RSI, 
and TICKl, with the available sequence.
No analyses were performed for Powassan, Negishi or 
Skalica viruses as there is no published nucleotide sequence 
data available for these viruses.
Analyses were performed of primer/template alignments 
given in Appendix 1 and of Table 5.3. to elucidate whether 
there existed any common underlying factor(s) which affected 
the efficiency of the primers. These analyses revealed a 
number of interesting results.
It was clear that the low number of overall mismatches 
had, as would be expected, enhanced the success rate of 
annealing. However, there were both successful and 
unsuccessful annealings vhich occurred at an overall mismatch 
of 5/20 (Table 5.3.). A successful annealing also occurred 
where there were 8/20 mismatches (primer TICKl and LGT 
viruses.)
A comparison of the number of mismatches between the 3' 
end of the primer and the viral template showed that successful
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annealings were repeatedly seen ^ len a single mismatch occurred 
in this region. A successful annealing was also obtained in 
the presence of two out of three mismatches (primer JEW5 and 
LGT viruses), vhereas unsuccessful primings have occurred vhere 
complete homology existed in this region (primer JEW4 and LGT 
viruses). Furthermore, there was no correlation between the 
position of any mismatch and the success rate of annealing. 
Primers YF7 and TICKl vhich successfully annealed to LI virus 
template had mismatches between the second and first 
nucleotides, respectively, in this region.
Similarly, a high rate of match or mismatch at the 5* 
primer end did not appear to have any correlation with the 
success or otherwise of the priming event. For example, a 
comparison of the annealing at the 5‘ end of primer TICKl and 
the LGT viral template showed that there were 7/8 mismatches 
between primer and template for the successful mispriming event 
and only 3/8 for the unsuccessful priming at the design 
annealing site. However this same high rate of mismatch in 
this region was not seen in other successful primings and was 
more typically 2/8 or 3/8.
A comparison of the particular pattern of annealing and 
mismatch within the length of the primer/template sequence 
region was performed. This revealed that vhere longer 
uninterrupted stretches of annealed nucleotides occurred within 
the primer/template sequence, there was also a higher tendency 
for primings to be successful (T^ pendix 1 and Table 5.3).
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There were exceptions to this: LI virus and primer JEW3 had a 
continuous stretch of annealed nucleotides 8/20 long and was 
unsuccessful; LGT viruses and primer TPl had a single stretch 
of only 5/20 and was successful. However, the general trend 
would appear to be that longer uninterrupted stretches of 
annealed nucleotides within the primer/template sequence 
enhanced the rate of successful priming.
Analyses revealed no apparent correlation between the G-C 
content of primers and their ability to prime. For example, 
primer YF7 (G-C content: 40%) and TICKl (G-C content: 55%) were 
both very successful primers with a large number of viruses of 
the TBE conplex. Furthermore there was no particular length of 
primer vÆiich was notably more successful.
There was no evidence of particular nucleotide (s) being 
involved in successful annealings. Furthermore, there was no 
consistent evidence that 'runs' of any particular single 
nucleotide within the primer/tenplate sequence enhanced 
successful priming. Initial studies suggested that the run of 
three consecutive 'A's at the 3 ' end of primer YF7 (Table
2.2.), might be a contributory factor in its generalised 
success. A similar run of three 'G's exists in primer TICKl, 
also a broadly successful primer. However this was not 
substantiated by studies of successful annealings in other 
primers.
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Analyses were also performed into vhether the length of 
the target sequence to be amplified had any bearing on vhether 
priming would be successful or not. A number of RTs and
amplifications of LGT’TP21 virus template in Miich primer JEW4
was used, best illustrate the findings. The data in Table 5.3. 
show this primer to contain 4/19 mismatched nucleotides overall 
and no mismatches at the 3' end of the primer /template. It 
would therefore appear to have a reasonable chance of
successfully priming. However, primer JEW4 was paired with a 
number of other successful primers in a range of RT and
amplification experiments to provide cDNA fragments ranging in 
size from 529)^  to 987fcp, (Figure 5.1.). No successful outcome 
was ever obtained. This was further substantiated by similar 
checks with primer RSI and LI virus. Therefore, within the 
limits of the fragments assessed (approximately 250-1500 
nucleotides), the length of the amplified fragment would not 
appear to affect effective priming.
5.3.2. An analysis, based on primer sumealing, of the 
relationships of strains of viruses of the TBE 
complex.
An analysis was made of Table 5.2. to determine #iether 
any relationships between the viruses of the TBE conplex were 
evident on the basis of primer annealing.
It was noticeable that a very similar pattern of 
successful primer annealing occurred in the CEE Hochosterwitz,
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and CEE Kumlinge viruses. Moreover TTE virus had similar 
pattern of successful primer annealing. CEE Hochosterwitz and 
CEE Kumlinge viruses are putatively designated as strains of 
CEE virus and the pattern of primer annealing supports this 
designation. The relationship of TTE virus to these viruses, 
is discussed in detail in Chapter 8. However it should be 
noted here that the close relationship suggested by the pattern 
of annealing is supported by these later studies.
The binding of primer TICKl to produce two different sizes 
of amplified fragment would tend to suggest that CEE 
Hochosterwitz, CEE Kumlinge, Powassan, Negishi and KE viruses 
are in the same group, vhile Langat TP21, TP64 and Skalica are 
in another group. This grouping is not substantiated by a 
number of serological tests and will be discussed later.
5.4. Analyses of the specificity of primers.
Table 5.2. was analysed to identify vhether any TBE 
specific, subtype or strain specific primers had been 
identified by these studies. Primers identified these 
checks were further subjected to a computer Databank search 
using the GenBarik genetic sequence Databank of the Microgenie 
sequence analysis program. The miinimaim number of matching 
residues of the primers requiring homology was set at 15, with 
a more stringent check being performed on primer YF7 with the 
miinimum number set at 12.
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Primer YF7 was found to anneal to the viral templates of 
all eight viruses of the TBE antigenic complex tested. The 
results of the computer check against the Databank revealed 
that this primer had homologies only to other viruses of the 
Flaviviridae within the correct region for which this primer 
was designed.
Primer TICKl also anneals to all those TBE complex viruses 
tested, with the exception of TTE virus. This primer may be of 
some usefulness in identifying a number of TBE complex viruses, 
however its inability to identify TTE virus excludes its use as 
a TBE complex specific probe. The results of the computer 
check against the Databank revealed that this primer had no 
homologies to any other GenBank sequence.
Primer RSI appears to bind only to the CEE subtype of 
those viruses tested of the antigenic complex of viruses. No 
studies were performed on any virus strains from the other 
subtype virus, RSSE. This primer was designed with ’wobble' on 
two amino acids as shown in Table 2.2. in order to optimise its 
efficiency at binding to both CEE and RSSE subtypes of the TBE 
virus. In the annealing between primer RSI and the CEE 
Neudoerfl viral template, 19/20 nucleotides were matched, and 
similarly, 18/20 nucleotides were matched between the primer 
and RSSE Sofjin viral template. Therefore it is entirely 
likely that this primer would also anneal to viruses of the 
second subtype of the TBE virus, RSSE. Further studies are 
required to verify the specificity of this putative TBE
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specific primer. The results of the computer check against the 
Databank revealed that this primer, in both its forms, had no 
homologies to any other GenBarik sequence.
5.5. Discussion.
Initially it must be made clear that the RTs and 
amplifications tabulated in Table 5.1. were performed with the 
aim of obtaining nucleotide sequence information. Originally 
it was not intended to perform studies of primer annealing or 
patterns of relationships. The non-systematic nature of the 
data shown in Tables 5.1. to 5.3. is a result of these initial 
aims. However, the data obtained was sufficiently extensive to 
provide the basis upon vhich it was possible to perform useful 
studies.
Analyses of the success of individual primers in annealing 
to particular virus templates revealed a number of interesting 
observations. As has been discussed, most of the primers made 
were based on the sequences of two reference viruses, CEE
Neudoerfl and RSSE Sofjin. Within the duration of these
studies a number of further nucleotide sequences of viruses of 
the TBE antigenic conplex became available. It therefore 
became possible to compare these sequences with those of the 
reference viruses. A high degree of homology with the
reference virus would be expected to be reflected in a high
success rate of primer annealing to the given virus template.
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The high rate of success of primers in binding to CEE 
Kumlinge virus (10/11) is in keeping with results discussed 
later. Chapter 7, vhich show that the number of sequence 
differences between CEE Kumlinge and CEE Neudoerfl viruses in 
the nucleotide sequence of the E protein gene is very small. 
Furthermore these nucleotide changes are not within any of the 
regions of template sequence to vhich the primers anneal.
Similarly, a high success rate (6/7) was achieved for 
primer annealing to CEE Hochosterwitz virus. A short length, 
only, of CEE Hochosterwitz virus sequence, was available for 
these analyses and therefore a number of other primers could 
not be analysed (Figure 6.2.). However, as in the case of CEE 
Kumlinge virus, this high rate of successful primings was to be 
expected in the light of the similarity of CEE Hochosterwitz 
vinjfâ to CEE Neudoerfl virus. Only two nucleotide mismatches 
occur between the semences of these two viruses and these are 
not in a position likely to affect any of the primers 
discussed.
Thus, the analyses of the primers vhich successfully 
annealed to both CEE Hochosterwitz and CEE Kumlinge viruses 
showed that, vhere very high to complete homology between 
primer and viral template occurred, annealing was accomplished. 
Primer YF7 was the single exception, as this annealed with four 
mismatches occurring between it and both these viral templates. 
There was a single anomaly in this data, primer JEW3, which 
successfully primed to CEE Kumlinge virus but not to CEE
192
Hochosterwitz virus. The lack of sequence data for this region 
makes analysis of this anomaly impossible.
Most of the RT and amplification of the vPNA/cDNA of LI 
viirus was concentrated on the E protein gene. A comparison 
between the nucleotide sequence in this region and the same 
region in the reference strains, showed LI virus to have a 
greater homology to CEE Neudoerfl virus (86.9%) than to RSSE 
Sofjin virus (82.4%). Thus the percentage homology between LI 
virus and the two reference viruses is significantly lower than 
was seen between CEE Hochosterwitz and CEE Kumlinge and the 
reference virus strains. The reduction seen in the number of 
successful primings was, therefore, some^at predictable.
The sequence of the structural genes of LGT TP21 virus 
became available very recently (Mandl et al,, 1991b). In
addition, the nucleotide sequence of a region of LGT TP64 virus 
(base 378 to 1159 was obtained as a result of these studies 
(Figure 9.1.). Nucleotide sequence comparisons of the 
published LGT TP21 virus E protein gene with the same gene of 
CEE Neudoerfl and RSSE Sofjin viruses showed lower homologies 
than have been previously seen of 72% and 71% respectively. A 
study of the published sequence of LGT TP21 virus (and the LGT 
TP64 virus sequence obtained during the studies for this 
thesis) revealed that only one mismatch occurred between them, 
within the sequence available, at base 827 (C to T). Therefore 
for the purposes of the alignments in Appendix 1, a single
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alignment of primers against the published LGT TP21 was 
performed.
The reduction seen in the number of successful primings 
was somevhat predictable. Moreover, the primer annealings 
shown in Table 5.3 and Appendix 1 revealed a confusing variety 
of results. One primer, primer JEW5, successfully annealed 
with 5/20 overall nucleotide mismatches and a single nucleotide 
match at the 3' end of the primer. Conversely, primer JEW4, 
was unsuccessful in annealing with only 4/19 overall nucleotide 
mismatches and no mismatches at the 3 ' end of the primer.
As noted in section 5.3.1., the sequence of LGT TP21 virue 
to vhich primer TICKl was designed to anneal (design template), 
was in fact not annealed to. Instead the primer repeatedly 
annealed only to a sequence several hundred bases upstream 
(misprime teitplate). Clearly the total number of nucleotide 
mismatches of the primer to the misprime template were much 
higher, (8/20), than to the design template (5/20). However 
the primer is completely matched to misprime site at the 3' 
end, whereas a single mismatch would occur in this region at 
the design template. This would not in itself appear to be 
significant in the light of other results (Table 5.3.). 
Therefore it is difficult to understand why this primer always 
primes away from its apparently more 'suitable' design 
template.
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The nucleotide sequence for TTE virus (bases 1288 to 2461) 
was obtained during the course of these studies (Figure 8.2.). 
Nucleotide sequence comparisons of the TTE virus E protein gene 
with the reference viruses showed a greater homology with CEE 
Neudoerfl virus than with the RSSE Sofjin virus (85% and 82% 
respectively). Thus a reasonably high rate of successful 
priming was expected and was seen. The successful priming 
events for TTE virus were of a more uniform nature. Four of 
the primers which effected successful annealings had no 
mismatches, or a low number of mismatches, overall. Moreover, 
they had either no mismatches or a single mismatch at the 3' 
primer end.
Therefore these investigations into the efficiency of 
priming to different viral templates yielded a variety of 
confusing data, most of which requires further investigation to 
elucidate its significance. However, it is clear that, in 
general, the success rate of primer annealing is enhanced by 
minimising the number of mismatches between primer and 
template.
A number of other analyses were performed of 
sequence/primer alignments to elucidate whether there existed 
any obvious underlying factors ^ ich affected the efficiency of 
priming.
It was revealed that vhere longer uninterrupted stretches 
of annealed nucleotides occurred within the primer/tenplate
195
site there was a tendency for primings to be successful. In 
addition it was revealed the number of mismatches at the 3' end 
of the primer/tenplate, does not appear, in these studies, to 
be as important as was hitherto reported (Sommer and Tautz,
1989).
None of the other analyses performed, listed in section
5.3.1. were found to reliably increase or decrease the success 
rate of primers annealing on a regular basis. The results of 
these analyses therefore leave many questions unanswered. 
Clearly more detailed analyses need to be performed to 
elucidate more of the factors involved in successful primer 
annealing.
There remains one further area of investigation vhich has 
thus far not been considered; this is how the secondary and 
tertiary structure of the nucleic acid affects the 
accessibility of the priming event. The methodology used for 
the RT and amplification of the vRNA/cDNA in these studies, 
incorporates not only a heat dénaturation, but also a methyl 
mercury hydroxide dénaturation stage. Therefore it is likely 
that the initial priming event occurs on a linear template. 
However, thereafter, heat dénaturation only is performed. It 
may be that a certain amount of secondary structure is able to 
reform in the vRNA/cDNA or cDNA templates such that the 
accessibility of some primers to certain regions is enhanced or 
made more difficult.
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The structure of cDNA and vRNA/cDNA hybrids produced under 
these conditions is not clear. The most normal form of DNA in 
vivo is the double helix of B-form DNA. The dénaturation of 
DNA effected by heating is easily reversed by renaturation, the 
nature of vhich depends on specific base pairing between 
complementary strands (Lewin, 1987). The reaction occurs in 
two stages: the single strands encounter each other and, if 
their sequences are complementary, then they base pair. This 
region of base pairing then extends along the molecule to form 
the more lengthy duplex molecule. It is conceivable vhere 
regions of high complementarity occur, that these will base 
pair more rapidly than other regions. This may affect the 
availability of template for some primers and may thus be i\hy 
certain regions, such as that to vhich primer YF7 anneals, may 
be accessible for longer periods of time. This would escplain 
the more consistent priming vhich occurs for primer YF7.
Therefore, it has been found that those parameters 
affecting successful or unsuccessful primer annealings are far 
from clear and require further, more systematic, investigation. 
In the meantime, it would appear that a iminimisation of the 
total number of mismatches and a maximisation of stretches of 
matched nucleotides within the primer/template site is really 
all that can be sensibly added to the design factors described 
in section 5.2., in order to maximise the success rate of 
primer annealing.
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Analyses were performed to identify whether any TBE 
specific, subtype or strain specific primers had emerged from 
these studies. Primer YF7 was found to anneal to the vRNA/cDNA 
of all strains of TBE complex viruses tested. In addition 
other studies in the FRL had found that primer YF7 bound to YF 
virus, strain Asibi, to all other YF strains so far tested and 
to West Nile virus, strain Sarawak (personal communications 
from A.D.T. Barrett and A.D. Jennings). The position to vhich 
this primer anneals lies at the 3 ' end of a region of the 
genome of flaviviruses (amino acids 98-111) (Mandl et al., 
1988b), the amino acids of vhich are highly conserved amongst 
all its members. The nucleotide sequences of this region for a 
number of flaviviruses are shown aligned in Figure 5.2. This 
hydrophobic region is thought to be involved in an acid 
catalysed fusion of viral and host membranes which mediates the 
entry of the virus into the cytosol of the host cell (Guirakhoo 
et al., 1989 ; Roehrig et al., 1989 ; Heinz et al., 1990a).
Three primers were designed to anneal within, or very close to, 
this region, YF7, JEW2 and JEW7. Their positions are indicated 
in Figure 5.2. The highly conserved nature of this region, 
even between the nucleotides, makes it an ideal target to vhich 
a group specific primer may be designed. The success of primer 
YF7 in annealing to those flaviviruses tested make it an ideal 
candidate for use as a probe. Primer YF7 was compared with the 
GenBank Databank of the Microgenie sequence analysis program. 
This bank collects and disseminates all published nucleic acid 
sequences. These searches were performed at two stringency 
levels: minimum number of matched nucleotides of 15 and 12.
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F I G U R E  5.2
NUCLEOTID E S E Q U E N C E S  OF A NUMBER OF FLA VIV IR U SES  
FROM THE CO N SER VED  REGION IN THE ENVELO PE P R O T E IN  GENE  
PUTATIVELY INVOLVED IN d H  D E P E N D E N T  C O NFORM ATIO NAL C HANGE
CEE Neudoerf I : 5'  
RSSE S o f j i n  5 '
LGTTP21:  5*
LI : 5 ’
YF As i b I : 5 '
YF 17D: 5'
Den-1:  5'
Den-2:  5 ’
Den-3:  5 '
Den-4: 5'
SLE: 5'
JE: 5 ’
IVME: 5"
Kunj in: 5'
WVl: 5'
-GAUOGAGGCUGQQGCAACCACUGUQGACUGUUUQGAAAGGGU - 3 ' 
-GAUOGAGGCUGGGGCAACCAUUGUGGAUUAUUUGGAAAAÛGC - 3 ' 
-GACAÛGGGAUGGGGUAACCAUUGUGGACUAUUUQGCAAAQGG - 3 ' 
-GAUCGAQGCUGGGGAAAUCACUGUQGUUUGUUUGGAAAGGGC - 3 ' 
-GALAGAQGCUGGGGCAAUGGCUGUGGCCmUUUQGGAAAQGG - 3 ' 
-GAUAGAQGCUGGGGCAAUGGCUGUGGCCUAUUUQGGAAAQGG - 3 ’ 
-GACAGAGGCUQGGGCAAUQGUUGUGGGCUAUUCGGAAAAÛGU-3 ’ 
-GACAGAGGAUGQGGAAAUQGAUGUQGAUUAUUUGGAAAAÛGA- 3 ' 
-GACAGAGGCUGQGGAAAOGGUUGUGGUUUGUUUGGCAAGGGA - 3 ’ 
-GACyVSAGGGUGGGGCAAUQGCUGUQGCUUGUUUQGAAAAGGA- 3 ' 
-GACCGCGGAUGGQGIJAACGGAUGUQGUCUGUUUQGAAAAÛGG - 3 ’
- UGAUOGUGQGUQGGGCAACGGAUGUGGACUUUUCGGGAAGGG - 3 '
- aSACVVGAQGCUQGGGLAAUQGAUGUQGCUUGUUUGGUAAGGG - 3 
-GAUAGAGGUUCmSCAAUQGGUGCGGACUUUUUQGUAAAQGA - 3 ' 
-GACAGAQGAUGQGGAAAUQGCUGOGGACUGUUUQGAAAQGGG - 3 '
if Pr imer YF7: 
if Pr imer JB/V2: 
U Pr imer JB/V7:
TATTTQGGAAAÛGG, 
TTTGGAAAGGGC,
AUGGAGGCTGGGGCAACCACTGTG
Guirakhoo et  a / . , 1989; Roehrig et  a!  
1990
1989; Heinz et  a !
Key :
The pos it io ns  of  the primers are in d ic a ted .  The sequence 
is shown in the same sense as the v i r a l  sequence, for  ease 
of comparison. For the f u l l  sequence of the p r im ers ,  see 
Table 2 .2 .
TBE v irus  (Centra l  European subtype, s t r a i n  N e u do e r f l )  
(CEE N eu d o er f l ) :  Mandl et  a ! . ,  1988
TBE v irus  (Russian spr ing-smmer  e n c e p h a l i t i s  subtype,
s t r a i n  S o f j i n  (RSSE S o f j i n ) :  Pletnev et  a ! . ,  1990
Langat, s t r a i n  TP21 (LGTTP21) :  Mandl et  a ! . ,  1991b
Looping I I I  ( L I ) :  Shiu et  a / . , 1991
Ye l lo w  fever  (YF) 17D: Rice et  a ! . ,  1985
Ye I low Fev er , s t r a i n  A s ib i :  Hahn et  a / . ,  1987
Dengue-1 (Den-1 ):  Mason et  a ! . ,  1987
Dengue-2 (Den-2 ):  Hahn et  a ! . ,  1988
Dengue-3 (Den-3 ):  Osatomi and Sumiyoshi, 1990
Dengue-4 (Den-4 ):  Zhao et  a ! . ,  1986
S t .  Louis e n c e p h a l i t i s  (SLE): Trent  et  a / . , 1987
Japanese e n c e p h a l i t i s  (JE):  Sumiyoshi et  a ! . ,  1987
Murray V a l l e y  e n c e p h a l i t i s  (IVME) : Dalgarno et  a ! . ,  1986
Kunj in:  Coia et  a ! . ,  1988
Wfest Ni l e  (V\N) : C a s t le  et  a ! . ,  1986
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Only the correct target sequence in flaviviruses were 
identified by these two searches. Therefore the lack of
homology to any other sequences in the Databank makes this 
primer an eminently suitable candidate for further studies as a 
flavivirus group specific probe.
Primers JEW2 and JEW7 were not as widely utilised as 
primer YF7 and thus information about their ability to anneal 
is someWhat limited. Primer JEW2 has 18/21 nucleotides in 
common with primer YF7 but was made to anneal to the opposite 
anti-sense strand (Figure 5.1.). Insufficient testing of
primer JEW2 was performed to elucidate the efficiency of this 
primer (Table 5.2.). Primer JEW7 is upstream of primer YF7, 
and was also made to anneal to the anti-sense strand. This 
primer is less efficient than primer YF7; there are at least 
two TBE virus ccarplex templates to vhich it does not bind, 
Powassan and Negishi viruses. It is not clear how two such 
closely situated primers as YF7 and JEW7 achieve different 
success rates. One possible reason may be that secondary 
structure, within the region to which primer JEW7 anneals, is 
inhibitory.
Primer TICKl lies 137 nucleotides upstream from the 
beginning of the E protein gene (Table 5.1.). This primer is 
also able to bind to all those viruses of the TBE complex 
tested, with the exception of TTE virus. However in the 
attenuated LGT TP21, LGT TP64 and Skalica viruses this primer 
misprimes to a different target sequence to produce a longer
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amplified cDNA fragment. Although interesting, the usefulness 
of this primer is limited. It binds to all TBE complex viruses 
tested with one exception, and therefore it has limited use as 
a conplex, subtype or strain specific virus. The results of 
the computer check against the Databank revealed that this 
primer had no homologies to any other GenBarik sequence.
Primer RSI appears to bind only to the CEE subtype of 
those viruses tested of the TBE complex of viruses. No studies 
were performed on the virus strains of the other subtype, RSSE 
and, as has been discussed, it is entirely possible that this 
primer is TBE virus specific. The results of the computer 
check against the Databank revealed that this primer, in both 
its forms, had no homologies to any other GenBank sequence. 
Therefore this primer is potentially useful and more exhaustive 
studies are required to verify its specificity.
An analysis was performed to determine vÆiether antigenic 
and geographical relationships between different viruses of the 
TBE complex were mirrored in the pattern of primer annealing. 
A number of studies have been performed in an attempt to 
analyse the relationships between different viruses on the 
basis of genetic variation. These studies are usually 
performed in a variety of ways, using serological assays, 
including haemagglut ination, haemagglutination inhibition, 
plaque reduction neutralisation tests and assays involving 
immunofluorescence (DeMadrid and Porterfield, 1974). Further 
fine analysis has been done using oligonucleotide
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fingerprinting. More recently a successful attempt was made, 
using dot blot hybridisation, to correlate the geographical 
area of isolation of viruses of the TBE complex with patterns 
of hybridisation of prhners and TBE vRNA (Shamanin et al.,
1990).
The analyses performed in this Chapter used the outcome of 
primer-vRNA interaction during RT and amplification and 
sequencing, to indicate the complementarity of the primer to 
various parts of the genomic RNA, Table 5.2. A comparison of 
the patterns of successful and non-successful priming events 
was used to putatively confirm relationships among viruses. 
However it must be remembered that the primers were, in most 
cases, only twenty nucleotides long and, thus, any conclusions 
drawn must be treated with considerable caution.
Analyses of the data in Table 5.1. showed a correlation 
between different virus strains of the CEE subtype and between 
different strains of LGT virus. CEE Hochosterwitz and CEE 
Kumlinge viruses reacted with a similar set of primers. TP21 
and TP64 strains of LGT virus also reacted with a similar set 
of primers. Moreover a similar pattern of successful primer 
annealing to that seen for the CEE virus strains, is seen for 
TTE virus. Later studies in Chapter 8 support the close
relationship suggested these results.
As has been discussed, primer TICKl binds to all those TBE 
complex viruses tested with the exception of TTE virus.
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However this primer anneals to a different position in LGT 
TP21, LGT TP64 and Skalica viruses. This differential binding 
initially groups CEE Hochosterwitz, CEE Kumlinge, Powassan, 
Negishi and KE viruses in the same group, and Langat TP21, TP64 
and Skalica viruses in another group. It is known that CEE 
Hochosterwitz, CEE Kumlinge, and KE viruses are all more 
closely related to each other than to any other member of the 
flavivirus group (Clarke, 1964). Furthermore evidence based on 
serological tests suggests that Negishi virus is most closely 
related to KE virus and the CEE subtypes (Clarke, 1964). 
Powassan virus, however, does not fall in the grouping shown 
above and recent unpublished sequence data has shown this virus 
to be more closely related to LGT virus than to any of the 
other TBE complex viruses (Mandl, personal communication). 
Therefore the information provided by this set of primers 
confirms the unreliable nature of this method of analysis of 
the relationships between these viruses.
The studies in this Chapter are really only a beginning. 
Considerably more systematic investigation will need to be 
performed before the nature of the reaction between a primer 
and its template sequence are fully understood. Perhaps the 
most useful feature to emerge from this section of these 
studies is the ability of primer YF7 to bind to a number of 
flaviviruses. This primer is an attractive candidate for 
further studies with flaviviruses in order to characterise its 
potential as a probe.
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CHAPTER 6.
Beta-propriolacfcone inactivation of the infectivity of the 
tick-bome encephalitis virus, Hochosterwitz; its effects on 
the subsequent reverse transcription and aroplification of the
viral RNA.
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6.1. Summary.
An investigation was performed into the possibility of 
using betia-propriolactone (BPL) as a chemical inactivant prior 
to the reverse transcription (RT) and amplification of the 
viral RNA (vRNA) of viruses of "the tick-bome encephalitis 
(TBE) complex. TBE virus, Central European subtype, strain 
Hoschosterwitz (CEE Hochostierwitz) was inactivated using BPL, 
reverse transcribed and amplified, using the polymerase chain 
reaction (PCR) and -the resultiant cDNA fragments were cloned and 
sequenced. The resultant sequence datia was compared witdi 
sequence data obtiained by conventional molecular cloning and by 
the polymerase chain reaction (PCR). The possible reasons for 
the higher rate of misincorporation of nucleotides found are 
discussed.
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6.2. Introduction.
A number of studies have been performed using a variety of 
methods to destroy the infectivity of viruses. A large number 
of compounds have been screened against a number of viruses 
seeded in plasma and vÆiole blood. Early findings suggested 
that beta-propriolactone (BPL) appeared to be the most 
promising from a virucidal point of view (Hartman et al., 
1954). BPL has been widely used to inactivate viruses for use 
in killed vaccines. Inactivating agents must ideally, not only 
attack the outer virion proteins, but also the viral nucleic 
acid, in order to prevent the release of infectious nucleic 
acid into the cell vdien the outer layer (s) of the virus are 
degraded.
Consideration was given to whether BPL inactivation of 
viruses of the TBE coitplex would subsequently allow successful 
reverse transcription (FT) and amplification of the viral RNA 
(vPNA). The complex of TBE viruses contains a number of 
dangerous pathogens, for example Kyasanur Forest Disease (KFD) 
and Omsk Haemorrhagic Fever (OHF), and the ability to be able 
to work on these viruses in an inactivated form would offer 
substantial benefits. The advantages of being able to work on 
inactivated viruses in general are evident: less need for 
biological containment, higher levels of safety, and the 
ability to work on dangerous viruses for which there is no 
known vaccine or cure.
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It is known that BPL inactivates viruses by alkylation of 
nucleic acids and proteins (Dimmock and Rose, 1987). BPL was 
first used, in conjunction with ultraviolet (UV) irradiation, 
by Hartman and Lo Grippo in the 1950's (Hartman et al., 1954; 
Lo Grippo, 1960; Lo Grippo et al., 1964) for the sterilisation 
of blood and plasma for transfusion. This methodology was 
found successful in preventing the transmission of hepatitis. 
It was later used for the cold sterilisation of grafts and 
vaccines. Extensive investigations showed that sterilisation 
with BPL did not apparently alter the biological properties of 
the substance to which it was added. Investigations were 
therefore extended to adding BPL to the blood samples of 
patients having haemorrhagic fever with the aim of being able 
to analyse such blood samples more safely in an unrestricted 
laboratory (Freeman at al., 1982). Results of these
experiments confirmed that BPL could be added to clinical 
specimens without affecting the results of routine analyses.
The efficacy of BPL as a virucidal agent (Lo Grippo, 1960) 
was found to depend on the lactone form of the drug found in 
the purified and concentrated state. However when diluted in 
aqueous solution, the lactone form becomes unstable and begins 
to hydrolyse into non-active cortponents. Successful
inactivation of viruses with BPL is dependent upon a number of 
factors including the length of reaction time and the 
temperature. Additionally, the concentration of BPL required 
to inactivate viruses varies. It has been reported (Barrett et 
al,, 1984) that a concentration <0.01% (v/v) was required to
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inactivate 10^  plaque forming units (pfu)/ml of Semliki Forest 
virus in cell culture to less than 5 pfu/ml. However, where 
complete inactivation is required, studies have shown that a 
disproportionate concentration of BPL was required to reduce 
small quantities of residual infective virus to undetectable 
levels (Lloyd et al., 1982). Furthermore, extraneous protein 
will compete quantitatively with virus for BPL, a factor vÆiich 
must be taken into account. Levels of 0.25% (Freeman et al.,
1982) have been found necessary to effect complete 
inactivation.
6.3. Experimental work: Beta-prcpriolactone inactivation
of CEE Hochosterwitz virus.
Viruses were propagated in 175 cm^  culture flasks as 
detailed in section 2.5.1. A crude purification of the virus 
from the culture fluid of six culture flasks was effected 
(section 2.5.2.2.). The resultant 100 fj,l suspension of viruses 
was resuspended in a total of 1 ml by the addition of TNE 
buffer (100 mM Tris-HCl, pH 8.5, 50 mM sodium chloride, 1 mM 
disodium EDTA). A saitple of 60 jul was removed for a subsequent 
titration of the virus and stored at -70°C. 0.25% (v/v) BPL
was added (in the fume hood) to the virus suspension, vÆiich was 
then buffered by the addition of 50 mM Tris-HCl pH 7.5. The 
suspension was stored for a minimum of 16 hours (overnight) at 
room temperature. A further sample of 60 /il was removed for 
subsequent titration of the virus and stored at -70°C.
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The vRNA was then extracted as detailed in section 2.6. 
Heat and methyl mercury hydroxide dénaturation (sections
2,10.1. and 4.4.1.) were performed on one charter of the 
resultant vRNA sample. The vRNA was then reverse transcribed 
and amplified (sections 2.10.2. to 2.10.3.), using primers YF7 
and TICKl, (Table 2.2.). These primers flank a region from 
base 836 to 1271 in the structural protein coding region (Mandl 
et al., 1988) to produce a cDNA fragment 476tap long. A 
negative control, minus vRNA, was also performed. The 
amplification product was electrophoresed as detailed in 
section 2.11.
Titrations of virus samples taken before and after BPL 
treatment were performed on Vero cells as given in section 
2.5.3.
cDNA from the desired amplified band was extracted from 
the gel (section 2.12.), clon«l and sequenced and sequence 
comparisons were performed (sections 2.13. to 2.17.).
The results of this amplification are shown in Figure 
6.1., Lane 1. A band of amplified cDNA of the desired size was 
obtained. The negative control supported the result, showing 
no cross contamination had occurred.
Copies of this cDNA fragment were sequenced in three 
different clones (pUS 801:A - C) and the sequence data of all 
three were compared. The comparison was then extended to 
include the nucleotide sequences of CEE Hochosterwitz virus
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FIGURE 6.1
BPL INACTIVATION OF CEE H O C H O S T E R W IT Z  VIRUS  
(2% agarose gel)
1 2 3
4 76 b p
Primers YF7 and T IC K l  f lank a région from base 8 3 6  
to 1271 In the s tructural  protein coding region
L a n e l :  Ampli f icat ion products af ter  BPL
trea tment of CEE H o c h o s te rw i t z  virus  
2: Control : ampl i f ica t ion In the absence  of vRNA  
3: ^X174 /H a e  III molecular weight  markers
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(obtained without any BPL inactivation) and the closely related 
CEE Neudoerfl virus (Mandl et al., 1988). The results of this 
comparison are shown in Table 6.1. It was initially noted that 
the nucleotide sequences of CEE Hochosterwitz (no BPL 
inactivation) and CEE Neudoerfl viruses differed by only two 
nucleotides, over the region cotrpared, at positions 846 and 
910. All three clones, pUS 801: A-C, confirmed these changes. 
Furthermore it should be noted at this stage that duplicate 
clones of CEE Hochosterwitz virus (no BPL treatment) had been 
sequenced and had shown 100% homology. Therefore if the 
supposition is made that the sequence data obtained for the 
non-treated CEE Hochosterwitz virus is correct, then comparison 
of this with the sequence of the three clones derived from the 
BPL-treated CEE Hochosterwitz virus revealed seven 
misincorporated bases in two of the three clones sequenced. 
The position of these misincorporations are shown in Table 6.1. 
The overall error frequency may be calculated as:
(e/t) X 100
vhere e is the observed number of errors in the PCR product, 
and t is the total number of bases amplified in all the clones. 
This resulted in an error frequency for this sequence data of 
0.49% (7/(476 X 3) x 100). This result was almost double the 
usual error frequency quoted for amplification of 0.25%. (Saiki 
et al., 1988).
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TABLE 6.1
COMPARISON OF SEQUENCE DATA FROM BPL INACTIVATED 
AND N O N -B P L  INACTIVATED CEE H O C H O S T E R W IT Z  V IR U S ES
8 6 2
I
91 1
\lucleo1
9 1 9
tide Nu 
1 0 1 9
mber
1091 1171 1 1 8 0
pUS 801:A A G T T G A A
pUS 801;B A T T G G G A
pUS 801:C G G G T T A G
CEE H o c h o s te r w i t z  + A G T T G A A
CEE N eudoer f l A G T T G A A
* Mandl et. at., 1 9 8 8  
+ Figure 4.2
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The misinœrporations occurred over the vhole length of 
the amplified product and no insertions or deletions were 
observed. By comparison with CEE Neudoerfl virus and CEE 
Hochosterwitz virus (no BPL treatment), four of the errors 
involved transitional misincorporations, where one purine 
replaces another purine or one pyrimidine replaces another 
pyrimidine; three of the changes were tranversional 
misincorporations where a purine replaces a pyrimidine or vice 
versa. Thus the nature of the nucleotide misincorporation 
appeared to be random.
It was impossible to elucidate at vhich stage of the 
procedure this increased error rate was introduced. However it 
was likely that the alkylation of the vRNA during BPL treatment 
produced an effect vhich resulted in problems during RT to form 
the vRNA-cDNA hybrid. Any errors present in any one of the 
vRNA-cDNA hybrids during the initial round of amplification 
would appear in every cDNA fragment subsequently derived from 
it in the resultant amplified cDNA pool. It is thus evident, 
that not all of the vRNA molecules were affected by the BPL 
treatment as one of the three clones had no evident 
misincorporation errors present.
The results of the virus titrations of samples taken 
before and after BPL treatment were performed on Vero cells. 
These results showed that the titre of the virus fell from 7.8 
X 10^  pfu/ml before BPL treatment, to zero pfu/ml after BPL
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treatment. Thus the viruses used in the subsequent RT and 
amplification had been completely inactivated.
6.4. Discussion.
The BPL treatment resulted in cDNA which appeared to have 
a higher than usual frequency of errors in its nucleotide 
sequence, 0.49% as opposed to the normal 0.25%. It is 
therefore likely that treatment with BPL was in some way 
deleterious to the production of accurate sequence data. The 
mechanism by vhich this occurred was not clear from the 
experiments performed but, as has been stated, was likely to be 
the result of the effect of BPL on the vRNA in such a way as to 
affect the fidelity of copying at the level of RT.
A further possible reason for the higher error frequency 
seen must be considered. RNA viruses exhibit high mutation 
frequencies (Holland et al., 1982) due to the absence of proof 
reading exonucleases and this characteristic is an important 
evolutionary mechanism for such viruses. A number of studies 
(Barrett & Gould, 1986; Liprandi, 1981; Liprandi and Walder,
1983) confirm the existence of mixed populations of viruses for 
the yellow fever virus. It is therefore possible that the 
higher error frequency seen in these experiments may result 
from the RT and amplification of vRNA from a mixed population 
of viruses. It must, however, be restated, that the high error 
rate frequency seen with BPL treatment is not experienced
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anyvÆiere else in these studies. Therefore it is unlikely that 
this is the underlying cause of the results seen.
One further reason must be considered. It is possible 
that these results are not due to the BPL treatment but are 
cause by misincorporation events early in the amplification 
procedure. Misincorporations have been calculated to occur at 
a rate of 2 x per cycle, (Saiki et al., 1988) and may
occur at any stage in the amplification. Those vihich occur 
during the early rounds of amplification will appear in every 
clone derived from the resultant errant templates. The 
cumulative error frequency associated with Taq DNA polymerase 
(Taq) in a thirty cycle amplification, 0.25%, is thought to be 
caused by a lack of editing functions. This causes the 
incorporation of an incorrect nucleotide at a rate four times 
higher than is seen for the Klenow fragment (Sambrook et al., 
1989). Such errors are not a problem when the products of an 
entire amplification reaction are used as the templates for 
subsequent sequencing. However, the sequence derived from an 
individual amplified cDNA. fragment from a pool of such 
fragments is not necessarily representative. This necessitates 
all sequence data being obtained in duplicate and any 
differences being elucidated by sequencing the relevant regions 
of a further clone or clones. This is, in fact, the bare 
minimum required to obtain reliable sequence data and should 
only be used when existing data of a closely related sequence 
exists. Some sources (Sambrook et al., 1989) advocate 
sequencing of a much higher number of clones, or sequencing of
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clones from two separate amplification events, in order to 
allow for misincorporation events occurring during the early 
rounds of amplification, particularly where only a few copies 
of the original target template are amplified. Moreover there 
is evidence to show that the rate of misincorporation of any 
given nucleotide is determined by its concentration. When the 
nucleotide concentration falls below 5 juM, a high rate of 
misincorporation is observed (Innis et al., 1988).
Finally it should be noted that more recent studies using 
different reaction conditions for PCR have reported a 
significant increase in the fidelity of Taq (Fucharoen, 1989), 
with no errors occurring in the amplification product over a 30 
cycle amplification of nearly 15,000 nucleotides. On the other 
hand, amplifications performed by Leung et al., (1989) in
conditions calculated to reduce the fidelity of Tag, (to induce 
random mutagenesis) produced an error frequency of 2%.
In conclusion, these studies suggest that the use of BPL 
to inactivate viruses results in amplified cDNA which contains 
a higher rate of misincorporation of nucleotides. Other 
amplifications performed using the same reaction conditions 
clearly showed that sequenœ data obtained on the same virus 
and on other non-inactivated viruses, had a lower error 
frequency than was seen with the BPL treatment. Such findings 
would tend to discount both an error occurring during an early 
cycle of amplification, and an error rate emanating from the 
use of vRNA from a mixed population of viruses.
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In order to verify these initial findings, more detailed 
experimentation is clearly needed. Further studies need to be 
performed of the effects of BPL treatment on other vRNAs using 
other primers pairs and more thorough comparisons made of the 
rates of misincorporation obtained.
However in order to satisfy the aims of this thesis, to 
obtain reliable sequence data, all future use of BPL was 
discontinued.
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CHAPTER 7.
Analyses and comparisons of the envelope protein gene and part 
of the membrane protein gene of Kumlinge A52 virus.
218
7.1 sunmary.
The envelope (E) protein gene, and part of the membrane 
(M) protein gene of the tick-bome encephalitis (TBE) virus. 
Central European subtype, strain Kumlinge A52 (CEE Kumlinge), 
the prototype Finnish strain, was reverse transcribed, 
amplified, cloned and sequenced.
Analyses were performed to assess the importance of any 
sequence changes. Comparisons were made to elucidate the 
relationship of the E and M protein genes of this virus to 
other members of the TBE complex.
A number of CEE virus strains, isolated over a period of 
25 years from different hosts and from distant geographical 
locations, have been shown to have a remarkable immunological 
and biochemical homogeneity, particularly of their E proteins. 
Therefore, the nucleotide and amino acid sequences of two such 
CEE strains, CEE Kumlinge virus and the Austrian TBE virus, CEE 
subtype, strain Neudoerfl (CEE Neudoerfl) were compared, to 
elucidate whether their sequences were as closely related on 
the molecular level as earlier studies would suggest.
The reasons for the strong selection pressures against 
antigenic variation, which appear to exist, are discussed.
219
7.2. Introduction.
Kumlinge A52 virus is a strain of the Central European 
(CEE) subtype of the tick-bome encephalitis (TBE) virus and 
the prototype Finnish strain (Karabatsos, 1985), This strain 
is designated as distinct from the related Austrian TBE virus, 
CEE subtype, strain Neudoerfl (CEE Neudoerfl) (Mandl et al., 
1988).
The virus was isolated in 1959, from a tick, Ixodes 
ricinus, in deciduous forest pasture on Kumlinge Island, S.W. 
Finland. During the period 1959 to 1987, 126 cases of
serologically verified infections of Kumlinge disease were 
verified (Wahlberg et al., 1989). Although 17% of patients 
were severely ill, there were no fatalities. The virus was 
shown to belong to the TBE antigenic complex of viruses by 
neutralisation and complement fixation tests (Oker-Blom et al., 
1962) and was further identified as a CEE subtype by antibody 
absorption and diffusion in gel techniques (Clarke, 1964).
The classification of the TBE complex of viruses is 
somewhat uncertain and a number of anomalies have arisen 
(section 1.5.2.). Some strains have been given separate names 
and registered in the International Catalogue of Arboviruses 
(Karabatsos, 1985), including Kumlinge A52 (CEE Kumlinge) 
virus. Other strains, including the Stillerova strain, 
considered to be the prototype strain of the CEE subtype, have 
not yet been registered. Elucidation of the classification of
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this antigenic complex of viruses awaits molecular-based 
information which will enhance the information available and 
allow a more thorough analysis of existing inter-relationships.
A region of the structural protein genes of CEE Kumlinge 
virus was reverse transcribed, amplified, cloned and sequenced. 
This region contained the complete envelope (E) protein gene, 
and part (approximately half) of the membrane (M) protein gene. 
The sequence of the E protein gene has been deposited with the 
BMBL File server (Stoehr and Omond, 1989) under the EMBL 
accession number: X 60286.
The E protein is the major surface protein of the virus 
and is believed to be responsible for a number of functions, 
including eliciting neutralising and protective antibodies and 
mediating both receptor binding and low pH induced memhrane 
fusion of virus membranes with cellular membranes (Guirakhoo et 
al., 1989; Roehrig et al., 1989; Heinz et al., 1990a) (section
1.2.3.1.). The M protein is a smaller membrane associated 
protein, the function of which is not fully understood, but 
which is thought to be involved in virus/cell interactions (Lee 
and Schloemer, 1981). This protein also elicits neutralising 
antibodies (Brinton, 1986).
This Chapter examines the nucleotide and deduced amino 
acid sequences of the E protein and the partial sequence of the 
M protein of CEE Kumlinge virus in comparison with the 
sequences of other TBE viruses, to assess the antigenic
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relationships of this virus to other viruses of the TBE 
antigenic complex sequenced to date. Particular attention is 
paid to an examination of CEE Kumlinge and CEE Neudoerfl 
viruses in an attempt to elucidate whether the close antigenic 
relationship suggested by earlier studies is supported by the 
existence of high homology at nucleotide and amino acid levels,
7.3 Experimental work.
The viral RNA (vRNA) from a crude purification of CEE 
Kumlinge viruses (section 2.5.2.2.) was denatured, reverse 
transcribed, amplified, cloned and sequenced, in duplicate, as 
described sections 2.10.1., 4.4.1. and 2.10.2. to 2.15.7. The 
primers used for reverse transcription and amplification, JEW3 
and TICKl, (Table 2.2.) flank a region from base 836 to 2443 in 
the structural protein coding region (Mandl et al., 1988) to 
produce a cDNA fragment 1649 base pairs (Jqp) long (including 
primers). A negative control, minus vRNA, was also performed 
as described.
Sequence data was assembled and analysed as described in 
section 2.17. The percentage homologies of nucleotides and 
amino acids were calculated from aligned amino acid residues 
using the Microgenie sequence analysis program.
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7.4 Amplification of part of the M protein gene and the E
protein gene of CEE Kumlinge virus.
The reverse transcribed and amplified cDNA fragment of CEE 
Kumlinge virus was electrophoresed on a 2% agarose gel (section 
2.11.). The results are shown in Figure 7.1. A band of 
successfully amplified cDNA of the desired size, 1649 bp, is 
shown in Lane 1. The absence of a band of cDNA in Lane 2, the 
negative control, substantiates that no cross contamination 
occurred.
7.5. Nucleotide and amino acid comparisons of part of the
M protein gene and the E protein gene of CEE Kumlinge 
and CEE Neudoerfl viruses.
The nucleotide and the deduced amino acid sequences of the 
amplified cDNA fragment of CEE Kumlinge virus are shown in 
Figure 7.2. This sequence contains the whole of the E protein 
gene and 117 nucleotides of the 3' end of the M protein gene. 
The length of the M protein gene is 224 nucleotides and 
therefore this sequence represents 52% of the whole gene. A 
number of regions ( amino-termini of proteins, hydrophobic 
regions, potential signal sequences, charged amino acid 
residues (involved in stopping the transfer of the protein 
chain across the membrane), N-glycosylation sites and cleavage 
sites) deduced in comparison with the sequence of CEE Neudoerfl 
virus (Mandl et al., 1988), are displayed on Figure 7.2. (See 
Figure 7.2. notes.)
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F I G U R E  7.1
PGR A M P L IF IE D  PRODUCT OF CEE K U M L IN G E VIRUS  
(2% agarose gel)
1649bp
Primers  JE W 3 and T IC K l  f lank a region from base 8 3 6  
to 2 4 4 3  In the s t ructura l  protein coding region  
(Mandl  et  al, 1988)
La n e l :  Ampli f ied product  of CEE Kumlinge vRNA  
2: Control:  ampl i f icat ion In absence  of vRNA  
6: )$X174/Hael l l  and 4 /H ln d l l l  molecular  weight  markers
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F I G U R E  7.2
N U C L E O T ID E  AND DEDUCED A M IN O ACID S E Q U E N C E S  
OF PART OF THE ST RUCTURAL P R OTEIN  C OD IN G  REGION  
OF CEE K U M L IN G E  VIR US
836 TG6AAGAACAGSCTACTTGCCTTGGCGATGGTTACCGTTGTQTGGTTGACCCTGGAGAGT 
242 H K N R L L A L A M V T V V H L T L E S
E
GTGGTGACCAGGGTCGCCGTTCTGGTTGTGCTCCTGTGTTTGGCACCGGTCTACGCTTCG' 
262 V V T R V A V L V V L L C L A P V Y A S
CGTTGCACACACTTGGAAAACAGGGACTTTGTGACTGGTACTCAGGGGACTACGAGGGTC 
282 R C T H L E N R D F V T G T Q G T T R V
ACCTTGGTGCTQGAACTGGGTGGATGTGTTACCATAACAGCTGAGGGGAAGCCTTCAATG 
302 T L V L E L G G C V T  I T A E G K P S M
GATGTGTGGCTTGACGCCATTTACCAGGAGAACCCTGCTAAGACACGTGAGTACTGTCTA 
322 D V W L D A I Y Q E N P A K T R E Y C L
CACGCCAAGTTGTCGGACACTAAGGTTGCAGCCAGATGCCCAACGATGGGACCAGCCACT 
342 H A K L S D T K V A A R C P T M G P A T
TTGGCTGAAGAACACCAGGGTGGCACAGTGTGTAAGAGAGATCAQAGTGATCGAGGCTGG 
362 L A E E H Q G G T V C K R D Q S D R G W
QGCAACCACTGTGGACTGTTTGGAAAGGGTAGCATTGTGGCCTGTGTCAAGGCGGCTTGT 
382 G N H C 6 L F G K G S  I V A C V K A A C
GAGGCAAAAAAGAAAGCCACAGQACATGTGTACGACGCCAACAAAATAGTGTACACGGTC 
402 E A K K K A T G H V Y D A N K I V Y T V
AAAGTCGAACCACACACGGGAGACTATGTTGCCGCAAACGAGACACATAGTGGGAGGAAG 
422 K V E P H T G D Y V A A N E T H S G R K▲ ▲ ▲
ACGGCGTCCTTCACAGTTTCTTCAGAGAAAACCATTCTGACTATGGGTGAGTATGGAGAT 
442 T A S F T V S S E K T I L T M G E Y G D
GTGTCTTTGTTGTGCAGGGTTGCTAGTGGCGTTGACTTGGCCCAGACCGTCATCCTTGAG 
462 V S L L C R V A S G V D L A Q T V I L E
CTTGACAAGACAGTGGAACACCTTCCAACGGCTTGGCAGGTCCACAGGGACTGGTTCAAT 
482 L D K T V E H L P T A W Q V H R D W F H
GATCTGGCTCTGCCATGGAAACATGAGGGAGCGCAAAACTGGAATAACGCAGAAAGACTG 
502 D L A L P H K H E G A Q N W N N A E R L
GTTGAATTTGGGGCTCCTCACGCTGTCAAGATGGACGTGTACAACCTCGGAGACCAGACT 
522 V E F G A P H A V K M D V Y N L G D Q T
GGAGTGTTACTGAAGGCTCTTGCTGGGGTTCCTGTGGCACACATTGAGGGAACCAAGTAC 
542 G V L L K A L A G V P V A H I E G T K Y
CACCTGAAGAQTGGCCATGTGACCTGCGAAGTGGGACTGGAAAAACTGAAGATGAAAGGT 
562 H L K S G H V T C E V G L E K L K M K G
CTTACGTACACAATGTGTGACAAAACAAAGTTCACATGGAAGAGAGCTCCAACAGATAGT 
582 L T Y T M C D K T K F T W K R A P T D S
GGGCATGACACAGTGGTCATGGAAGTCACATTCTCTGGAACAAAGCCCTGTAGGATCCCA 
602 G H D T V V M E V T F S G T K P C R I P
GTCAGGGCAGTGGCACATGGATCTCCAGATGTGAACGTGGCCATGCTGATAACGCCAAAC 
622 V R A V A H G S P D V N V A M L  I T P N
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CCAACAATTGAAAACAATQGAGQTGGCTTCATAGAGATGCAGCTGCCCCCAGGGGATAAC 
642 P T I E N N G G G F I E M Q L P P G D N
ATCATCTATGTTGGGGAACTGAGTCACCAATGGTTCCAAAAAGGQAGCAGCATTGGAAGG 
662 I  l Y V G E L S H Q W F Q K G S S I G R
GTTTTTCAAAAGACCAAGAAAGGTATAGAAAGACTGACAGTGATAGGAGAGCACGCCTG6 
682 V F Q K T K K G I E R L T V I G E H A H
GACTTCGGTTCTGCTGGAGGCTTTCTGAGTTCAATTGGGAAGGCGGTGCACACGGTCCTT 
702 D F G S A G G F L S S I G K A V H T V L
GGTGGTGCTTTCAACAQCATCTTCGGGGGAGTAGGGTTTCTACCAAAGCTTTTATTGGGA 
722 G G A F N S  I F G G V G F L P K L L  L G
GTAGCATTGGCTTGGTTGGGCCTGAACATGAGAAACCCTACAATGTCCATGAGCTTTCTC 
742 V A L A W L G L N M R N P T M S M S F L
A A NSl
TTGGCTGGAGGTCTGGTCTTGGCCATGACCCTTGGAGTGGGGGCGGAT 2443 
762 L A G G L V L A M T L G V G A D  778
Figure 7 . 2  Notes
The numbering of nuc leot ides  and amino acid  sequence has been 
adjusted  to correspond to that  of Mandl et  a l . (1988)  The amino- 
terminus of the NSl p r o te in  is ind icated  by an arrow.  
Hydrophobic regions thought to  anchor the p ro te in s  M and E In the  
l i p i d  envelope are depicted by s o l i d  l in e s .  P o t e n t ia l  s igna l  
sequences are dep ic ted by dashed l in e s .  Cleavage s i t e s  are  
depic ted  by dot ted  l in e s .  Amino acid s u b s t i t u t io n s  (see Table  
7 . 1 ) ,  both of which are conserved, are under l ined .  An a s t e r i s k  
in d ic a tes  charged amino acid residues that  are probably involved  
in stopping the t r a n s f e r  of the p ro te in  chain across the  
membrane. N-glycosyI  a t io n  s i t e s  are ind icated  by t r i a n g l e s .  
Open t r i a n g l e s  are used fo r  "weak" N-glycosyI  at Ion s i t e s ,  which  
In the case of v i ruses  of the TBE complex are not u t i l i s e d  in  vivo.
S in g le  l e t t e r  amino acid abbrev ia t ions  are:  A, a la n in e ;
C, c ys te in e ;  D, a s p a r t i c  acid;  E, glutamic  ac id ;  
F, p h eny la lan ine ;  G, g ly c in e ;  H, h i s t i d i n e ;  I ,  is o leu c ih e ;
K, lys in e ;  L, leucine;  M, meth ion ine;  N, asparagine; P, p r o l i n e ;
0 ,  glutamine;  R, a rg in in e ;  S, ser ino;  T,  threonine;  V, v a l i n e ;
W, tryptophan;  Y, t y ro s in e .
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The nucleotide and deduced amino acid sequences of the E 
protein gene of CEE Kumlinge virus were compared with those of 
the closely related CEE Neudoerfl virus. The sequence 
differences were tabulated in Table 7.1. These revealed 24 
nucleotide differences between the two viruses, which 
translated into a 98.4% nucleotide homology. The majority of 
these nucleotide changes were silent (produced no changes in 
the amino acid for which they coded). However a single 
conservative amino acid substitution in CEE Kumlinge virus, of 
valine from isoleucine at amino acid number 447, (shown 
underlined on Figure 7.2.) had occurred. This amino acid 
corresponds with amino acid number 167 in the E protein model 
of CEE Neudoerfl virus (Mandl et al,, 1989b). It will be 
referred to as this number from now on for ease of comparison. 
Valine is also found in this position in all other viruses of 
the TBE complex sequenced to date: RSSE strain Sofjin (RSSE 
Sof jin), Louping 111 (U) and Langat strain TP21 (LGT TP21). 
The amino acid sequence homology of the E protein gene of CEE 
Kumlinge virus to CEE Neudoerfl virus was calculated as 99.8%.
The nucleotide and amino acid sequence differences between 
the 117 nucleotides at the 3' end of the M protein gene of CEE 
Kumlinge and CEE Neudoerfl viruses were also tabulated in Table
7.1. There were five nucleotide changes in this region between 
these two viruses which translated into a 95.7% homology over 
the region sequenced. The majority of these changes were 
silent with the exception of a single conservative amino acid
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TABLE 7.1 Notes.
Codes for  Anino Acids:
Nonpolar R groups:
A
F
I
L
M
P
V
W
A la n in e
Phenyla lan ine
Iso leuc ine
Leucine
Methionine
P r o l I  ne
V a l in e
Tryptophan
Hydrophobic
Hydrophobic
Hydrophobic
Hydrophobic
Hydrophobic
In te rm edia te
Hydrophobic
In te rm edia te
P o la r ,  but uncharged R groups
C
G
N
Q
S
T
Y
CysteI  ne
Glyc ine
Asparagine
Glutamine
Ser ine
ThreonI ne
Tyros I ne
Hydrophobic 
In te rm edia te  
H y d ro p h i I ic  
H yd ro p h I I Ic  
In termedia te  
IntermedI ate  
In te rmedia te
P o s i t i v e l y  charged R groups:
H i s t i d i n e
Lysine
A rg in in e
Hydrophi I  Ic 
Hydrophi I  Ic 
H yd ro p h i I Ic
N e g a t iv e ly  charged R groups
A s p a r t ic  acid  
Glutamic acid
Hydrophi11c 
HydrophiI  Ic
(Hyd rophob ic ! ty /h ydroph i I  i c i ty  d e s cr ip t io n s  taken from  
MandI et  a / . ,  1989 .)
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T A B L E  7.1
D IF F E R E N C E S  AT NUCLEOTID E AND AMINO ACID L E V E L S  
B E T W E E N  THE EN V EL O P E PROTEIN  AND PART OF THE M E M B R A N E  
PR OTEIN  GENES OF CEE K U M L IN G E AND CEE N EU D O E R F L  V IR U S E S
Nucleotide Number CEE Kumlinge CEE Neudoerfl
Nucleotide Amino Acid Nucleotide Amino Acid
In M Protein Gene
(partial)
846 G R A K
862 G A
910 C U
919 G U
946 C U
In E Protein Gene
1048 C U
1133 C U
1180 G A
1441 G A
1451 G V A 1
1472 C U
1516 U C
1600 C U
1660 U C
1756 U C
1813 U C
1912 U C
1924 C U
2122 C U
2149 U C
2161 U C
2179 U C
2263 G A
2266 C U
2281 U C
2308 A G
2323 G A
2332 G A
2338 A G
Amino acids are l isted only where changes occur.  
Posit ions of Genes; ( from Mandl  et  al, 1988)  
Membrane;  8 3 6  -  9 5 2  Envelope:  9 6 3  - 2 4 4 0
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substitution in CEE Kumlinge virus of arginine from lysine at 
amino acid 245 (shown underlined in Figure 7,2.), This change 
only occurs in CEE Kumlinge virus; in all other TBE complex 
viruses sequenced to date, the amino acid found in this 
position is lysine. The amino acid sequence homology of CEE 
Kumlinge virus to CEE Neudoerfl virus for this region of the M 
protein was calculated as 97.4%.
Further comparison showed that neither of the two amino 
acid changes in the M and E protein sequences was located 
within any of those regions involved with the translocation of 
the polypeptide across the endoplasmic reticulum (ER), 
including the hydrophobic regions and signal sequences. 
Furthermore the glycosylation site was also unaffected.
A comparison of the cleavage sites present in CEE Kumlinge 
virus sequence with those of CEE Neudoerfl virus. Table 7.2. 
showed that no differences occurred in the eight amino acids of 
the M-E protein cleavage site. Similarly, a comparison of the 
E-non-structural protein 1 (NSl) cleavage site, as far as was 
possible (the sequence of NSl was not obtained), also showed no 
changes had occurred in five of the seven amino acids which 
constitute this cleavage site.
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T A B L E  7.2
PROTEASE CLEAVAGE S IT E S  OF CEE N E U D O ER F L  VIRUS.
Protein terminus  released Sequencecleaved Protease ty p e
c NH 2 *
c COOH
prM NH 2 *
M NH;,*
E NH 2 *
NS1 NHg*
M i  V K K A 
G K R R  I S A T D  
M T L A  l A T V R  
R T R R  I S L V I  
P V Y A  I S R C T  
G V G A  I D V G
C e l lu la r  cytoplasmic  
Viral  cytoplasmic (?) 
Endoplasmic signalase  
C el lu la r  endoplasmic  
Endoplasmic signalase  
Endoplasmic signalase
® NH 2 terminus determined by Boege et  al, (1983 ) .  
H yp o th e t ica l  ca rboxy- te rm in i .
By sequence al ignment.
NH 2 termini  conf irmed by amino acid sequencing.
(M o d i f ied  from Mandl  et  al, 1988) .
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7.6. Amino acid homologies of part of the M protein and
the E protein of CEE Kumlinge virus with those of 
other viruses of the TBE complex.
A comparison of the amino acids of the E protein genes of 
CEE Kumlinge virus with a number of other viruses of the TBE 
antigenic complex was performed using the cluster analysis on 
the ’Clustal' computer program (Higgins and Sharp, 1988). This 
computer program aligns the amino acid sequences using a method 
of similarity scoring calculated by Wilbur and Lipman (1983). 
This alignment is then used to cluster the sequences using 
unweighted pair group maximum averages (average linkage cluster 
analysis) described by Sneath and Sokal (1973). This analysis 
produced an accurate analysis of the antigenic relationships 
between the different E protein sequences by scoring the degree 
of similarity between amino acids, rather than by performing a 
straight comparison vhich scored an amino acid simply as a 
match or a mismatch.
The Clustal analysis of the homologies of the amino acids 
of the E protein of a number of viruses of the TBE complex is 
shown in Figure 7.3. The Figure clearly shows the very close 
antigenic relationship vhich exists between CEE Kumlinge and 
CEE Neudoerfl viruses. The degree of relatedness becomes 
increasingly more distant with respect to RSSE Sofjin, LI and 
LGT TP21 viruses respectively. The Clustal analysis, in this 
particular case, displays a pattern similar to that produced by 
an analysis of the percentage homologies of the amino acids of
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the E protein of Kumlinge virus to CEE Neudoerfl, RSSE Sofjin, 
LI, and LGT TP21 viruses, 99.8, 95.4, 94.0 and 87.7
respectively.
7.7. Comparison of the hydrophilicity plot of the amino
acids of the E protein of CEE Kumlinge virus with 
those of other viruses of the TBE complex.
The aligned hydrophilicity plots of the E proteins of CEE 
Kumlinge virus and a number of other TBE complex viruses, CEE 
Neudoerfl, RSSE Sofjin, LI and LGT TP21, are shown in Figure 
7.4. The position of the amino acid substitution is indicated 
by asterisk in this Figure. Superhonposition of the plots was 
effected and no differences could be detected between them at 
this position. Further comparisons of the plot of CEE Kumlinge 
virus with the other viruses of the TBE complex showed an 
overall close similarity, #iich became lessened in a manner 
vhich reflects the degree of relatedness shown in Figure 7.3. 
Moreover all the hydrophilicity plots followed similar patterns 
of hydrophobicity and hydrophilicity, with the differences 
being generally seen in degree (i.e. in heights of the peaks) 
rather than in placement.
7.8 Discussion.
A comparison of the E protein gene of CEE Kumlinge virus 
with that of the closely related CEE Neudoerfl virus revealed 
the 24 nucleotide differences (98.4% homology) listed in Table
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7.1. This translated into a single amino acid substitution in 
the E protein gene of CEE Kumlinge virus of valine from 
isoleucine at amino acid number 167 and an amino acid 
percentage homology of 99.8%. Valine is also found in this 
position in all other viruses of the TBE coitplex sequenced to 
date: RSSE Sofjin, IT, and LGT TP21.
The classification of substitutions as either conservative 
or non-conservative is discussed more fully in sections 8.6. 
and 8.9. However both valine and isoleucine have non-polar, 
aliphatic side chains, the only difference being that 
isoleucine carries an additional methylene group. Non-polar 
side chains in proteins tend to cluster together on the inside 
of a molecule. Both molecules show a propensity to occur in 
beta sheets (Creighton, 1983). Thus the change in this amino 
acid would be unlikely to result in any substantial changes in 
the secondary structure of the protein and may be defined as a 
conservative substitution.
The concentration of valine in vivo in mammals is, on 
average, five times that of isoleucine (Stryer, 1981). It is 
therefore an interesting phenomenon that selection in viruses 
of the TBE complex has favoured the use of an amino acid vdiich 
is more abundant. It may be that the concentrations of these 
two amino acids differ in vivo in ticks. Further confirmation 
of similar amino acid changes would be needed before any real 
conclusions could be drawn.
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A study of the position of the amino acid 167 substitution 
within the putative model of the E protein, (Mandl et al,, 
1989b) shows this change to occur in domain C, Figure 1.2. As 
has been discussed (section 1.2.3.1.) this domain consists of a 
single highly variable loop vhich contains no disulphide 
bridges and carries the single glycosylation site of this E 
protein. This glycosylation site appears to be important in 
maintaining the stability of the region (Guirakhoo et al,, 
1989). Monoclonal antibodies (MAbs) directed against domain C 
epitopes confirm that regions of this domain are hypervariable. 
Amino acids between positions 145 and 170 have been discovered 
to be hypervariable (Mandl et al., 1989b) and it is within this 
region of hypervariability that the amino acid change found in 
the E protein of CEE Kumlinge virus is situated.
Further analyses were performed to examine whether this 
amino acid substitution, or that found in the M protein, are 
located within sequences involved in a number of important 
functions of CEE Neudoerfl virus and thus, by deduction, CEE 
Kumlinge virus. Such functions include the hydrophobic 
anchoring, arxi signal sequences (Figure 7.2.). These regions 
are involved in the placement of these proteins in their 
membrane associated positions. Signal sequences are found at 
the amino terminus of a growing polypeptide, when appropriate,
and they are involved in the translocation of the growing
polypeptide across the ER into its lumen. In the case of
anchored proteins such as E and M, part of the polypeptide
chain remains anchored within the membrane and this is effected
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by a hydrophobic sequence at the carboxy-terminus of both the M 
and E proteins which remains anchored within the membrane. 
Furthermore a charged residue at the end of the hydrophobic 
region is thought to act as a stop transfer signal to prevent 
further passage of the polypeptide through the membrane. These 
important regions thus operate together to ensure the correct 
placement of these membrane associated proteins and are of 
fundamental importance to the virus. Additionally the sequence 
was examined to see whether any changes present affected the 
glycosylation site or cleavage sites present in the E protein. 
It was found that neither of the amino acid substitutions in 
CEE Kumlinge virus sequence were placed in any of these regions 
suggesting that there are pressures vhich operate to select 
against change.
A comparison of the hydrophilicity plots of CEE Kumlinge 
virus and a number of other viruses of the TBE complex was 
performed, Figure 7.4. Such plots have been shown to be useful 
for predicting B-cell antigenic determinants (hydrophilic 
surface residues). Signal peptides and membrane spanning 
regions are also predicted (hydrophobic residues). The 
behaviour of an amino acid residue is largely related to two 
main factors, size and charge. These parameters provide a 
means of ordering amino acids from hydrophilic to hydrophobic 
on a scale of hydropathy. The precise formulation of a 
hydropathy scale is somexiAat arbitrary. The formulation used 
for these studies, and implemented by the Microgenie sequence 
analysis program, was that of Kyte and Doolittle (1982). This
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formulation plots hydropathy charges along protein sequences by 
a sliding window technique which involves calculating the 
statistic required from a series of fixed lengths of sequence 
(windows). These plots substantiated that the substitution of 
the amino acid in CEE Kumlinge virus, made no apparent 
difference to the hydrophilicity or hydrophobicity of the E 
protein. Furthermore, the plots reflected the relative 
closeness of the relationships between a number of viruses of 
the TBE complex, CEE Neudoerfl, RSSE Sofjin, LI, and LGT TP21 
as shown in Figure 7.3.
The percentage homologies of the amino acids of the E 
protein of CEE Kumlinge virus to those of CEE Neudoerfl, RSSE 
Sofjin, LI, and LGT TP21 viruses were very high, within the 
range 87.7- 99.8%. This very high degree of homology supports 
the serological classification of these viruses as an antigenic 
complex. Other homologies performed on flaviviruses from 
within the same complex have been calculated to be between 62- 
83% (Mandl et al., 1988). Calculations based on viruses from 
different complexes more generally fall within the range of 41- 
53%.
A different type of investigation was also performed on 
the nucleotide and amino acid sequences of CEE Kumlinge virus. 
Comparative studies of a number of CEE viruses have been 
performed vhich have shown evidence for the antigenic stability 
of certain CEE virus strains (Heinz and Kunz, 1981; Guirakhoo 
et al., 1987; Heinz et al., 1982).
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The first study corrpared the homogeneity of the E proteins 
of a number of CEE virus strains from Finland, including CEE 
Kumlinge virus. West Germany, Czechoslovakia, Switzerland and 
Austria (Heinz and Kunz, 1981). Peptide mapping of the E
protein was performed to show an identical pattern for all CEE 
strains tested, with only a single exception in one Austrian 
strain, CEE St. Polten virus, where a slight deviation from the 
typical pattern existed. Moreover, in competitive radio­
immunoassay, all these strains showed identical reactivity 
patterns with a panel of MAbs. These strains had been isolated 
over a period of 25 years from different host species and from 
different geographical areas, and yet their E proteins 
exhibited remarkable immunological and biochemical homogeneity.
Similar studies (Heinz et al., 1982) on a reduced number 
of those strains already tested, again including CEE Kumlinge 
virus, revealed completely identical patterns in the peptide 
maps for all the non-structural proteins (CEE St. Polten virus 
was not included in this study). This study therefore provided 
further confirmation of the uniformity of these strains of 
viruses.
Later studies compared the evidence for antigenic 
stability of seven strains of CEE viruses isolated from the 
same foci 14 years apart (Guirakhoo et al., 1987). This study 
used peptide mapping and a panel of MAbs to study the antigenic 
drift vhich occurred under natural ecological conditions. No
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antigenic differences were found in E proteins of any of the 
seven virus strains and thus no antigenic drift was detected.
Therefore, in summary, these studies suggest that under 
natural environmental and ecological conditions, the E proteins 
of a number of different strains of CEE virus do not undergo 
antigenic change. Furthermore the non-structural proteins of 
these different strains also appear to be remarkably uniform.
Subsequently, a number of studies were undertaken to 
examine the genetic diversity or stability of a number of 
mosquito-bome flavivirus strains in greater detail by 
sequencing their E protein genes:
5 strains of Japanese encephalitis (JE) virus (Nitayaphan et al., 1990; Cecilia et al., 1988; Sumiyoshi et al., 1987; Hashimoto et al., 1988).
11 strains of Murray Valley encephalitis (MVE) virus (Lobigs et al., 1988).
6 strains of dengue 1 (Den-1) virus (Mason et al., 1987; Chu et al., 1989).
12 strains of dengue 2 (Den-2) virus (Deubel et al., 1986; Gruenberg et al., 1988; Hahn et al., 1988; Blok et al., 1989).
A comparison of the 500 amino acids (approximately) of the E 
protein of each of the virus strains with its prototype strain 
revealed that a number of changes had occurred. The niinimum 
homology seen for these comparisons (JE:99.0%; MVE:98.4%; Den- 
1:98.2%; Den-2:97.2%) showed that, although the number of 
differences is small, nevertheless differences do exist at the 
amino acid level amongst the different strains examined.
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Consideration was given as to whether the antigenic 
stability seen in some strains of CEE viruses was limited to 
the tick-bome viruses and never occur in those flaviviruses 
vÆiich are mosquito-bome. However this theory was invalidated 
by studies on two strains of the mosquito-bome MVE virus, 
isolated 24 years apart, both from fatal human cases of 
encephalitis (Lobigs et al., 1988). These strains only 
differed by a single amino acid (position 134) in the E 
protein. Furthermore, two MVE virus strains isolated nine 
years apart, one from a human and the other from a mosquito, 
also only differed by the single amino acid change in the same 
position.
Therefore it would appear that in certain environmental 
and ecological conditions, there exist strong pressures working 
to prevent the genetic divergence of certain strains of both 
mosquito-bome and tick-bome flaviviruses. Moreover, the high 
relative homologies of the E proteins of the viruses of the TBE 
complex, 86-96%, in comparison with the much lower relative 
homologies of the E proteins of the mosquito-bome 
flaviviruses, approximately 70%, tends to suggest that tick- 
bome flaviviruses may have been subjected to evolutionary 
immune selection pressures more stringent than those of 
mosquito-bome flaviviruses.
Studies to elucidate the percentage homologies existing at 
the nucleotide and amino acid level, amongst the apparently 
closely related CEE strains, had not been performed. Studies
242
performed for this thesis investigated the nucleotide and amino 
acid sequences of the E protein gene of CEE Kumlinge virus to 
assess the relationship vhich existed at the molecular level 
between this virus and CEE Neudoerfl virus. A very close 
relationship, confirming the two viruses to be strains of the 
same CEE subtype, is confirmed by the amino acid homology 
(99.8%). In fact, it has been suggested that all the strains 
exhibiting such close homology are one and the same strain 
(personal communication, F.X. Heinz).
As has been stated, CEE Kumlinge virus was isolated from a 
tick in Finland in 1959 and CEE Neudoerfl virus was isolated 
from a human in Austria in 1971. Twelve years (at least) of 
independent evolution of these two apparently closely related 
RNA viruses has only resulted in a single conservative amino 
acid substitution in the E protein. This confirms earlier 
findings from antigenic studies and peptide mapping that TBE 
virus does not undergo major antigenic changes under natural 
ecological conditions (Guirakhoo et al,, 1987).
These studies therefore support the earlier studies in 
Wiich the antigenic stability and immunological reactivity of a 
number of CEE virus strains, isolated over a period of 25 years 
from different species in different geographical areas, were 
shown to be virtually identical. They further support 
sequencing studies of MVE virus strains in vdiich a single amino 
acid change was also detected in samples of the same strain 
collected a number of years apart.
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Furthermore, the studies performed on the E proteins of a 
number of strains of flaviviruses, including JE, MVE, Den-1 and 
Den-2 viruses, v\hich showed minimum percentage homologies of 
99.0, 98.4, 98.2 and 97.2, indicates the more normal levels of 
homology Wiich would be expected from RNA viruses evolving over 
a number of years in a variety of different habitats. Clearly 
the 99.8% homology seen between CEE Kumlinge and CEE Neudoerfl 
viruses is notably higher.
Therefore, it would appear that, in certain environmental 
and ecological conditions, there exist strong pressures working 
to prevent the genetic divergence of certain strains of 
flaviviruses. The contrast between this observed stability and 
the known variability of RNA viruses is an interesting 
phenomenon.
The rate of mutation in the vRNA of RNA viruses is much 
higher at between 10“  ^and 10“^  than is seen in the vDNA of DNA 
viruses, 10“^  to 10 (Holland et al., 1982). The low
fidelity of RNA replication is attributed to the absence of 
proof reading exonucleases. Evidence has shown that every RNA 
virus pool containing greater than 10^  per ml is always a 
mixture of countless variants even if it was started from an 
isolated clone. However, it is also known that strong 
selective fitness may dominate the population under appropriate 
conditions (Holland et al., 1982).
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Studies performed on the viruses of the TBE complex have 
shown that their potential for antigenic variation is retained 
(Guirakhoo et al., 1987). Thus it would appear that these 
strains of CEE viruses, whilst retaining the innate ability to 
demonstrate considerable genetic variability have, under the 
conditions in vAiich they find themselves existing, reached a 
high degree of selective fitness (Guirakhoo et al., 1987). One 
of the elements involved in this fitness may be the necessity 
to maintain the vector competence of the virus in order that 
the invertebrate-vertebrate transmission cycle of the virus may 
be maintained. Clearly, however similar transmission cycles 
exist for other members of this complex, and therefore a number 
of other factors must be involved. More extensive studies are 
needed to substantiate these initial findings and to explore 
other factors.
The 'mechanisms' behind the stability of these virus 
strains is of interest to those developing live attenuated 
vaccines against RNA viruses. The ability to produce a stable 
population of the vaccine viruses, with a reduced ability to 
mutate and produce sub-populations of viruses with undesirable 
side effects, would be very useful. However, this stability 
may not be able to be mimicked in vitro and the development of 
a number of cDNA infectious clones, if successful, may remove 
the need to use such viruses for vaccine purposes.
A comparison of the 117 nucleotides at the 3' end of the M 
protein gene of CEE Kumlinge virus with those of CEE Neudoerfl
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virus reveals the five nucleotide differences (95.7% homology) 
listed in Table 7.1. This translates into a single amino acid 
substitution in CEE Kumlinge virus of arginine from lysine at 
amino acid number 167. Lysine is found in this position in all 
other viruses of the TBE complex sequenced to date; RSSE 
Sofjin, LI, and LGT TP21.
Both arginine and lysine are amino acids Miich have basic 
side chains. However, arginine has an additional very basic 
amino group to lysine. Both these amino acids are positively 
charged at physiological pH. Thus the change effected is a 
conservative one with a slight increase in the positive charge 
being the only obvious effect. No model exists for the M 
protein and so it is not possible to position this amino acid 
substitution.
The percentage nucleotide and amino acid homologies 
calculated (95.7% and 97.4% respectively) were based on the 
sequence of approximately half of the nucleotides of the M 
protein gene (117/225 nucleotides). However if the supposition 
is made that this half of the M protein is representative, then 
a lower percentage of homology is seen for the M protein than 
was seen for the E protein. The M protein is less exposed to 
the host's immune defence system and is most usually found to 
be more variable than the E protein and therefore these 
findings are in line with earlier investigations (Mandl et al., 
1988). It is generally held that comparisons of the C and M 
proteins are more relevant indicators of evolutionary
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relationships between flaviviruses (section 1.9.). However, 
given the limited nature of the sequence data, this comparison 
was not performed.
In conclusion, the nucleotide and amino acid sequences of 
CEE Kumlinge virus show it to be very closely related, 
antigenically, to CEE Neudoerfl virus and thus confirms earlier 
antigenic classifications. These studies have also provided 
additional evidence for the antigenic stability of the E 
protein of certain strains of CEE viruses under different 
ecological and environmental conditions and over considerable 
periods of time. Sequencing studies need to be extended to 
obtain the rest of the nucleotide sequence of CEE Kumlinge 
virus and to obtain the sequences of other CEE virus strains in 
order to substantiate the results of these studies.
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CHAPTER 8.
and comparisons of the major part of the envelope 
protein gene of Turkish tick-home encephalitis virus.
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8.1. Summary.
The majority of the envelope (E) protein gene of Turkish 
tick-bome encephalitis (TIE) virus, a member of the tick-bome 
encephalitis (TBE) coirplex, was reverse transcribed, amplified, 
cloned and sequenced.
Both TTE and Louping 111 (LI) viruses are most usually 
associated with cases of myeloencephalitis in sheep. Other 
viruses of the TBE complex examined in this study are all 
frequently associated with human cases of encephalitis. 
Previous studies performed on the antigenic relationship of TIE 
virus to other TBE complex viruses had concluded that it was 
most closely related to IT virus and to the Far Eastern (RSSE) 
subtype of the TBE viruses.
Comparisons were performed to assess the relationship of 
the major part of the E protein gene of TTE virus (1171 
nucleotides from a total of 1488) to the same region of other 
viruses of the TBE complex. These comparisons showed that TTE 
virus was distinct from IT virus, its nucleotide sequence 
differing hy 207 nucleotides and its amino acid sequence 
differing by 30 amino acids in this region. Further 
comparisons showed that the closest relationship existed 
between TTE virus and the Central European subtype of the TBE 
viruses with approximately 170 nucleotide differences and as 
few as 16 amino acid differences occurring in this same region 
of sequence. The significance of these findings is discussed.
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8.2. Introduction.
In the 1960's an acute form of encephalomyelitis was 
recognised in sheep in the Gebze area of north-western Turkey 
(Hartley et al,, 1969). The local veterinarian recognised a 
nervous disorder of sheep, both young and adult, #iich occurred 
during the winter months. Although this disease occurred 
during the winter, the climatic conditions during this time of 
year in this area are relatively mild and ticks were still 
active during this period.
The duration of the reported clinical signs ranged from 
two to fifteen days, with most of the younger sheep showing 
clinical signs for shorter periods. Symptoms varied between 
affected individuals and consisted of the following, listed in 
the most usual order of their appearance; restlessness, lagging 
behind the flock, dejection, anorexia, aimless walking, 
circling, arched back, stiff stilted gait, walking on tips of 
toes, jumping movements, blindness, head held down (or to one 
side), tremors, grinding of teeth, incoordination, prostration, 
struggling when handled, flaccid paralysis, coma and death. 
Several old ewes, one of viiich was comatose for several days, 
made an apparent complete recovery over several weeks and one' 
aborted (Hartley et al., 1969). All the affected flocks had a 
moderate infestation of tick larvae and nymphs in addition to a 
few adult ticks. Goats, cattle and horses in close proximity 
to these sheep were not affected and there was no sign of any 
related human cases of encephalitis.
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Investigations into the cause of these symptoms were 
initiated (Hartley at al., 1969) and attention turned to a 
previously undiagnosed neurological disorder, with identical 
symptoms, %hich had been occurring in sheep for at least 15 
years in a village in the Kirklareli area, north of the Gebze 
area. Brains of affected sheep from this area were compared 
with those from the Gebze area and the histopathological 
lesions present were iMistinguishable. Moreover an 'agent', 
recovered from affected sheep, was pathogenic to pre-weaned and 
newborn or young adult mice, producing symptoms of paralysis 
and encephalomyelitis. This 'agent' was neutralised by serum 
resultant from infection with Louping 111 (IT) virus (a member 
of the TBE complex of viruses which also causes 
encephalomyelitis in sheep) and by hyperimmune serum from 
recovered sheep from the Gebze area. Conclusions were drawn, 
therefore, that the disease was caused by a virus belonging to 
the TBE antigenic complex, being closely related in particular 
to IT and the Far Eastern subtype of TBE virus, Russian spring 
and summer encephalitis (RSSE) virus.
IT has has been recognised as a clinical disease of sheep 
involving ataxia, incoordination, posterior paralysis, coma and 
death, for at least two centuries in southern Scotland 
(McFadyean, 1900). More recently the disease has spread 
through much of the upland sheep-raising areas of the British 
Isles (Reid, 1987). The causal virus was isolated in 1931 
(Greig et al., 1931) and was subsequently shown to be part of 
the TBE complex (Andrews and Pereira, 1978). The virus is
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spread by the tick species, Ixodes ricinus. Occasionally, 
cases of IT infection have been recorded in humans, but most of 
these were laboratory acquired (Edward, 1948; Reid et al,, 
1972; Webb et al., 1968). In addition there have been at least 
nine naturally acquired cases reported, five of #iich were from 
exposure to tick bite and four of vÆiich were of unresolved 
origin (Brewis et al., 1949; Davison et al., 1948; Lawson et 
al., 1949; Likar et al., 1958). Moreover, serological evidence 
exists of subclinical infection (Lawson et al., 1949). The 
clinical nature of the human disease is of a biphasic 
meningoencephalitis similar to that seen with CEE virus 
infection (section 1.6.1.).
During the last three decades, outbreaks of viral 
encephalitis in sheep have not only appeared in Turkey, as 
described above, but also in Bulgaria and in the Basque region 
of Spain (Gonzalez et al., 1987). The disease discovered in 
Bulgaria, in 1964/65 was isolated from sheep in farms on 
mountain slopes. Two types of encephalitis were found in two 
different foci, one being an encephalitis of the IT type and 
the other vhich possessed different pathogenicity from that 
caused by IT virus. The tick vector for the former was not 
identified, vhilst the vector for the latter was identified as 
Dermocentor marginatus. Ixodes ricinus was not found on the 
ticks parasitising the flocks (Pavlov, 1968). The disease 
occurring in the Basque region had affected 20-50% of the lambs 
and yearlings in flocks vhich were mountain grazed. The 
mortality rate was approximately 25% and death occurred within
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two to five days of onset. Ixodes ricinus ticks were found to 
be present in grazing areas and histopathological lesions in 
the brains of affected sheep from Bulgaria and Spain were found |
to be similar to those in brains of sheep infected with IT j
virus (Gonzalez et al., 1987).
Therefore it would appear that a virus of the TBE complex, 
with clinical signs similar to those of IT virus, is causing an 
ovine encephalomyelitis in a number of regions across Europe. 
Information about the relationship of this virus to other 
viruses of the TBE complex has been obtained from a number of 
serological studies. Hyperimmune serum raised against the TBE 
virus (Central European subtype) strain Neudoerfl (CEE 
Neudoerfl) was found to be capable of neutralising TTE virus to 
high titres. Shnilarly hyperimmune serum against TIE virus was 
found to neutralise CEE Neudoerfl virus (Hambleton et al.,
1983). A later study included an investigation of the 
relationship of TTE virus to a number of CEE virus strains, 
including CEE Neudoerfl, CEE St. Polten, CEE Hochosterwitz, CEE 
Hypr and a RSSE subtype, strain Sofjin (RSSE Sofjin) 
(Stephenson et al., 1984). This study used a panel of 
monoclonal antibodies (MAbs) directed against the E protein 
(and another unspecified protein). This study revealed that a 
considerable amount of antigenic variation existed between TTE 
and the other viruses tested.
More recently the sequences of the E protein genes of a 
number of viruses of the TBE complex have become available: CEE
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Neudoerfl (Mandl et al,, 1988), RSSE Sofjin (Pletnev et al., 
1990) IT (Shiu et ai., 1991) and Langat, strain TP21 (LGT TP21) 
(Mandl et al., 1991b), have become available. In addition the 
studies performed for this thesis have provided the sequence of 
the TBE virus (CEE subtype) strain Kumlinge A52 (CEE Kumlinge) 
(Figure 7.2. and Chapter 7). It therefore became possible to 
compare the sequence of TTE virus against those of other 
viruses in the TBE antigenic complex, to further analyse the 
antigenic relationships existing between them.
This Chapter describes the analyses of the nucleotide and 
amino acid sequences of the majority of the E protein gene of 
TTE virus in comparison with the same region of the E protein 
genes of the following viruses:
- CEE Neudoerfl 
CEE Kumlinge 
RSSE Sofjin 
IT
LGT TP21.
8.3. E%qperimental work.
The viral RNA (vRNA) from a crude purification of TTE 
viruses (section 2.5.2.2.) was reverse transcribed, amplified, 
cloned and sequenced (duplicate clones) as described in 
sections 2.10.1., 4.4.1. and 2.10.2. to 2.15.7. The primers 
used for the reverse transcription (RT) and amplification, JEW3
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and JEW7 (Table 2.2,), flank a region from base 1269 to 2443 in 
the E protein gene coding region (Mandl et al., 1988) to 
produce a fragment 1220 bp long (including primers).
8.4. Amplification of the vRNA of TTE virus.
The reverse transcribed and amplified fragment of TTE vRNA 
was electrophoresed on a 2% agarose gel (section 2.11.). The 
results are shown in Figure 8.1. A band of amplified cDNA of 
the desired size was obtained and this is shown in Lane 1. The 
absence of a band of cDNA in Lane 2, the negative control, 
showed that no cross contamination had occurred and thus 
supports the result obtained.
8.5. Nucleotide and amino acid sequence comparisons of the
major part of the E protein gene of TTE virus and CEE
Neudoerfl virus.
The nucleotide and deduced amino acid sequences of the 
amplified cDNA fragment of TTE virus are shown in Figure 8.2. 
This sequence contained the 1171 nucleotides at the 3' end of 
the E protein gene. The length of the complete E protein gene 
is 1488 nucleotides and therefore this sequence is 78.7% of the 
vdnole gene. It should be noted that a clone containing the 
rest of the structural genes has since been obtained, using 
primers YF7 and TICK2 (Table 2.2.) but this awaits sequencing 
and analysis of the data.
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F-USURE 9.1 
PCP A M P L IF IE D  PRODUCT OF T T E  V IRUS  
(2% agarose gel)
1 2 5
1220bp
Primers  J E W 3  and JEW 7 f lank a region from base  1270  
to 2441 in the s t ructura l  protein coding region  
(Mandl  e t  al, 1988)
L a n e l :  Ampli f ied product  of TTE  vRNA
2: Control :  ampl i f icat ion in absence  of vRNA  
5: ^X 1 7 4 /H a e  III molecular  weight  markers
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Figure 8.2 Notes
N uc leo t id e  p o s i t io n  318 corresponds to the f i r s t  n u c le o t id e  
sequenced in these s t u d ie s .  The sequence is t r a n s la t e d  in to  the  
amino ac id  sequence of the s t r u c t u r a l  p r o te in s .  The amino-  
terminus of the NS1 p ro te in  is indicated  by an ar row. 
Hydrophobic regions thought to anchor the pro te in s  M and E in the  
l i p i d  envelope are dep ic ted  by s o l i d  l i n es .  P o t e n t i a l  s igna l  
sequences are dep ic ted  by dashed l in e s .  Cleavage s i t e s  are  
dep ic ted  by dotted  l i n e s .  Anino acid s u b s t i t u t io n s  (see Tab le  
8 . 2 )  are p r in t e d  in bold;  conserved subst I tu t  ions are un d er l in ed  
and non conserved s u b s t i t u t i o n s  are indicated  by . An a s t e r i s k  
in d ica te s  charged amino acid  residues that  are probably invo lved  
in stopping the t r a n s f e r  of the p ro te in  chain across the  
membrane. N - g ly c o s y la t i o n  s i t e s  are ind icated  by t r i a n g l e s .  
Open t r i a n g l e s  are used fo r  "weak" N-glycosy la t  ion s i t e s ,  which  
in the case of v iruses  of  the TBE complex are not u t i l i s e d  in  
v i v o .
S in g le  l e t t e r  amino ac id  abbrev ia t io ns  are :  A,  a la n in e ;
C, cys te in e ;  D, a s p a r t i c  acid;  E, g lu tamic  ac id ;  
F, pheny la lan in e;  G, g ly c in e ;  H, h i s t i d i n e ;  I ,  i s o leu c in e ;
K, lys in e ;  L, leucine;  M, methionine;  N, asparagine; P, p r o l i n e ;
Q, glutamine;  R, a r g in in e ;  S, ser in e ;  T, th reonine;  V, v a l i n e ;
W, tryptophan;  Y, t y ro s in e .
Numbering of  nuc le o t ides  and amino acids is as for  the E p r o t e i n  
of CEE NeudoerfI  v i r u s  (Mandl et  a i . ,  1989) fo r  ease of  
compar ison.
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FIGURE 8.2
N U C L EO TID E  AND DEDUCED AMINO ACID SE Q U E N C E S  OF  
PART OF THE ENVELOPE PROTEIN GENE OF T T E  V IR US
318 ATTGTTTGGAAAAGGCAGCATCGTGGCTTGCGTCAAGGCGGCTTGCGAGGCAAAAAAGAAA 
107 L F G K G S  I V A C V K A A C E A K K K
GCCACTGGATATGTGTACGACGCAAACAAAATAGTGTACACAGTCAAAGTTGAGCCCCAC 
127 A T G Y V Y D A N K I V Y T V K V E P H
ACGGGGGACTATGTCGCTGCTAACGAGACACACAGTGGGAGQAAGACTGCAACCTTCACG 
147 T G D Y V A A N E T H S G R K T A T F T▲ ▲ A
GTCTCATCGGAAAAAACGATTTTGACCATGGGAGAGTATGGAGACGTGTCCCTGCTATGC 
167 y s S E K T I L T M G E Y G D V S L L C
CGGGTTGCCAGTGGGGTCGACTTGGCGCAGACTGTTGTCCTAGAACTTGATAAGACAGCG 
187 R V A S G V D L A Q T V V L E L D K T A
KC
GAACACCTTCCGACAGCGTGGCAGGTCCACCGAGATTGGTTCAACGATCTGGCCCTGCCA 
207 E H L P T A H Q V H R D W F N D L A L P
TGGAAACATGAGGGAGCACTAGGTTGGAACAATGCAGAGAGGCTGGTTGAATTTGGAGCA 
227 W K H E G A L G H N N A E R L V E F G A
NC NC
CCTCATGCTGTCAAAATGGATGTATACAATCTCGGAGACCAGACAGGAGTGTTACTGAAA 
247 P H A V K M D V Y N L G D Q T G V L L  K
GCGCTCGCAGGAGTCCCTGTGGCGCACATTGAGGGAACTTVAGTACCACCTGAAGAGTGGC 
267 A L A G V P V A H I E G T K Y H L K S G
CACGTGACTTGTGAAGTGGGGCTAGAGAAACTAAAQATGAAAGGCCTCACGTACACCACG 
287 H V T C E V G L E K L K M K G L T Y T T
TGTGACAAGACAAAGTTCACQTGGAAGAGAGTGCCAACGGACAGCGGGCATGACACGGTG 
307 C D K T K P T H K R V P T D S G H D T V
NC
GTCATGGAGGTTACATTCTCTGGATCAAAACCCTGTAGAATTCCAGTCAGGGCTGTGGCA 
327 V M E V T F S G S K P C R I P V R A V A
CACGGATCTCCAGACGTGAACQTGGCCATGTTGATAACACCAAACCCTACAATTGAGfiAC 
347 H G S P D V N V A M L I T P N P T I E N
AGTGGGGGAGGGTTCATAGAGATGCAGCTACCCCCTGGAGACAACATCATCTATGTCGGG 
367 S G G G F I E M Q L P P G D N I  l Y V G
6AACTGAGTCATCAATGGTTTCAGAAGG66AGCA6CATTG6TAGAGTGTTCCAAAA6ACC 
387 E L S H Q W F Q Î Ç G S S I G R V F Q K T
AAGAAGGGCATAGAGAGACTGACGGTGATAGGAGAGCACGCGTGGGACTTTGGGTCTGCA 
407 K K G Z E R L T V I G E H A V D F G S A
GGCGGCTTTTTGACTTCAATCGGAAAGQCGATGCATACAGTCCTTGGCGGTGCTTTCAAT 
427 G G F L T S I G K A M H T V L G G A F N
GCCATCTTTGGGGGAGTGGGGTTCCTGCCAAAGCTCCTATTGGGAATGGCACTAGCCTGG 
447 A I F G G V G F L P K L L L G M A L A W
CTGGGCCTCAACATGAGGAACCCTACAATGTCTGTGAGCTTCCTTCTG6C6GGAGGCTTA 
467 L G L N M R N P T M S V S F L L A G G L
HC I— ► NSl
ATCCTGGCCATGACACTTGGAGTGGGTGCT 1488 
487 I L A M T L G V G A  496
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Alignment of this sequence with the published sequence of 
CEE NeudoerfI virus using the Microgenie sequence analysis 
program confirmed the existence of reasonable homology; 
specifically 175 nucleotide changes (85.1% homology) and 17 
amino acid substitutions (95.6% homology). "Die number of 
nucleotide differences found between the aligned sequences of 
TTE virus and a number of other TBE conplex viruses : CEE
Kumlinge, RSSE Sofjin, LI and LGT TP21 were: 178, 207, 212 and 
287 from a total of 1171 respectively. These results are shown 
in Table 8.1. However a large proportion of these changes are 
silent and produce no amino acid substitutions.
In order to facilitate later coroparisons, the numbering of 
the nucleotides and amino acids of the TTE virus sequence in 
Figure 8.2. corresponds to that used for the E protein model of 
CEE NeudoerfI virus (Mandl et al., 1989b) i.e. nucleotide and 
amino acid position 1 correspond to the first nucleotide or 
amino acid of the E protein gene and not to the first 5'- 
nucleotide or amino acid of the genome or the region sequenced. 
A number of regions ( amino-terminus of the NSl protein, 
hydrophobic anchor region, potential signal sequence, charged 
amino acid residues (involved in stopping the transfer of the 
polypeptide across the membrane), N-glycosylation sites and 
partial cleavage site) deduced in comparison with the sequence 
of CEE NeudoerfI virus (Mandl et al., 1988), are displayed on 
Figure 8.2. (See Figure 8.2. notes.)
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TABLE 8.1
PERCENTAGE HO M O L O G IE S  OF NUCLEOTID ES AND  
AMINO ACIDS OF THE PARTIAL ENVE LO PE PROTEIN  
GENE OF T T E  VIRUS AND OTHER TBE V IR U SES
TT E Virus
Nucleot ides Amino Acids
Percent Number  o1 Percent Number  of
Viruses Homology Changes Homology Changes
LI 8 2 . 3 2 0 7 93.1 27
CEE Kumlinge 8 4 . 8 178 9 5 .9 1 6
CEE Neudoerf I 85 .1 1 75 9 5 .6 17
RSSE Sof j in 8 1 . 9 2 1 2 9 2 .3 3 0
LGT TP21 7 5 . 5 2 8 7 8 6 .2 3 4
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The deduced amino acid sequence of the partial E protein 
gene of TTE virus was compared with the amino acid sequences of 
other TBE complex viruses; CEE NeudoerfI, CEE Kumlinge, RSSE 
Sofjin and LI, using the sensitive multiple alignment program 
on the ' Clustal ' computer program (Higgins and Sharp, 1988). 
This program, and the parameters used, will be further 
described in section 8.9. A copy of the log odds matrix of 
Dayhoff (1978), used by the computer program to decide the 
nature of the amino acid substitutions, is given in Appendix 2. 
The structure of the amino acids is also given in Appendix 3. 
The nature of the amino acid substitutions found in the E 
protein of TTE virus in comparison with the other viruses of 
the TBE complex was computer analysed and tabulated in Table 
8.2. The following study was restricted to exclude LGT TP21 
virus. This would appear to be the virus most different from 
TTE virus and thus its inclusion would extend this study 
considerably, with no obvious advantage.
The number of amino acid differences between TTE virus and 
the other aligned viruses, CEE Kumlinge, RSSE Sofjin, LI and 
LGT TP21 were: 16, 30, 27 and 54, respectively, from a total of 
390 amino acids. This translated into percentage amino acid 
homologies of 95.9, 92.3, 93.1 and 86.2. (See Table 8.1.).
The substituted amino acids are underlined in Figure 8.2. 
and vhere the substitution is non-conservative, this is 
indicated by 'NC. Inspection of the nucleotide and deduced 
amino acid sequence revealed that a number of conservative and
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TABLE 8 . 2  Notes
Codes fo r  M i in o  Acids:
Nonpolar R groups:
A Alanine Hydrophobic
F Phenylalanine Hydrophobic
1 I so leucine Hydrophobic
L Leuc i ne Hydrophobic
M Methionine Hydrophobic
P P ro l in e In te rmedia te
V V a l in e Hydrophobic
W Tryptophan Intermedia te
P o la r ,  but uncharged R groups:
C Cysteine Hydrophobic
G Glycine In te rm ed ia te
N Asparagine Hydroph i1ic
Q Glutamine Hydroph i l i c
S Ser ine In termedia te
T Threonine In termedia te
Y Tyrosine In termedia te
Pos i t i v e l y charged R groups:
H H i s t i d i n e Hydro ph i1ic
K Lysine Hydro ph i1i c
R A rg in in e Hydro ph i1ic
N e g a t i v e l y charged R groups:
D A s p a r t ic  ac id H ydro phi1i c
E Glutamic ac id H ydrophi1ic
(H yd ro p h o b ic i ty /h yd ro p h i1i c i t y  d e s c r ip t io n s  taken from 
Mandl et  a / . ,  1989.)
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TABLE 8.2
CONSERVATIVE AND NON-CONSERVATIVE A M IN O  ACID 
S U B S T IT U T IO N S  B E T W E E N  TTE V IR US AND O TH ER  V IR U S E S  
OF THE TBE C O M P L E X
Amino Acid Amino Acid Changes Conserved/
Position No. GEE CEE R88E Non-
in E Protein TTE NeudoerfI Kumlinge 8ofjin LI Conserved
115 A A A T A C
120 A A A 8 A C
130 Y H H H Y C
158 S S S 8 K C
164 T S 8 8 T C
167 V 1 V V V C
171 K K K R K C
176 M M M M L C
178 E E E D E C
198 V V V V 1 C
199 V 1 1 1 1 C
206 A V V 8 A NC
230 E E E E D C
232 A A A A N C
233 L Q Q Q P NC
234 G N N N H NC
266 K K K K R C
267 A A A 8 A C
277 E E E D E C
279 T T T T N C
306 T M M M M C
310 T T T T 8 C
313 T T T T A C
317 V A A 1 T NC
331 T T T A T C
335 S T T T 8 C
358 1 1 1 M 1 C
367 S N N N D C
395 K K K K T C
405 K K K K T C
407 K K K R R C
426 A A A T A c
430 L L L L F c
431 T S S T G c
433 1 1 1 V 1 c
437 M V V L V c
447 A 8 8 8 S c
448 1 1 1 L ; c
458 L L L 1 L c
460 L L L V M c
462 M V V V V c
463 A A A V A c
471 M M M M T NC
478 V M M M M c
487 1 V V V V c
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more importantly, non-conservative substitutions, occurred in 
some of the functionally important sites listed above:
One non-conservative substitution, position 471, and four conservative substitutions, positions 458, 460, 462 and 463, in the hydrophobic anchor sequence.
One conservative substitution, position 487, in the leader sequence.
Those substitutions effecting the largest change on the 
protein, the non-conservative substitutions, will be discussed 
further in section 8.6. None of the substitutions affected any 
of the cysteine residues, a factor important in the maintenance 
of secondary structure. Furthermore the glycosylation site and 
the section of E/non-structural protein 1 (NSl) cleavage site 
present in this sequence contained no substitutions.
8.6. Analyses of the amino acid substitutions occurring
within the major part of the E protein sequence.
A total of 45 amino acid substitutions, of which five are 
non-conservative and 40 are conservative, are listed in Table 
8.2 .
It should be noted at this stage (to be discussed in more 
detail in section 8.9.) that the 'cut off point between 
defining an amino acid substitution as conservative or non­
conservative is made on the basis of the frequency with Wiich 
amino acids are seen to replace each other in vivo. A matrix, 
the log odds matrix of Dayhoff (1978), was used for these
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computer studies (Appendix 2) and a 'cut off conserves' point 
of eight was chosen. Thus two amino acids with a score on the 
matrix of eight and above may replace one another in a 
conservative substitution. A score of less than eight for two 
amino acids will produce a non-conservative substitution. The 
higher the number the more conservative a substitution is 
considered to be and vice versa. In the subsequent discussion 
of substitutions the degree to vdiich the changes are 
conservative will be indicated by the 'log odds matrix' number 
(1-20) in brackets following the amino acid pair.
Those substitutions effecting the largest change on the 
protein, the non-conservative substitutions, at amino acid 
numbers 206, 233, 234, 317 and 471, were studied in further 
detail. Additionally, the close homology existing between the 
amino acid sequences of TTE and CEE NeudoerfI virus partial E 
proteins allowed the molecular model of CEE NeudoerfI virus E 
protein to be a putatively representative model for TTE virus. 
Thus the positions of non-conservative amino acid substitutions 
from Table 8.2. were recorded on a modified version of this E 
protein. Figure 8.3. (Mandl et al., 1989b).
The non-conservative amino acid substitution occurring at 
position 206 between TTE and LI viruses and other viruses of 
the TBE complex is shown on Figure 8.3. and listed below:
TTE, LI alanine
CEE NeudoerfI, CEE Kumlinge valine
RSSE Sofjin serine
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0 = hydrophilic amino acids.
9 = intermediate and hydrophobic amino acids. 
A = region of a potential T-cell determinant.
F I G U R E  8.3
h&ODEL OF CEE N EU D O ER FL V IR US ENVELOPE PROTEIN
A 206
233
234
-200
317C  1
COOH
450-
471
B
Thin l ines ■ h y p erva r ia b le  regions.
Th ic k  l ines •> highly  conserved  region 
^ —^  ~ A A > a involved in membrane fusion.
(Modified from Man d l  et a!., 1989.)
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The substitution occurs in antigenic domain A in a 
hypervariable region (bases 200 to 215). The non-conservative 
substitution in this position occurs between valine and serine 
(7). The other changes here between alanine and valine (8), 
and alanine and serine (9) are conservative. Valine is a 
branched amino acid with a hydrophobic R group, which has high 
frequency of occurrence in beta pleated sheets (Crei^ton, 
1983). Serine has an uncharged polar R group vÉiich has a high 
frequency tendency to promote reverse turns within beta pleated 
sheets. Alanine is a small amino acid with a hydrophobic R 
group and two less methyl groups than are found on the valine 
molecule. Therefore the non-conservative substitution between 
valine and serine vdiich occurs here is more relevant with 
respect to a study of the changes in RSSE Sofjin virus. 
However as the log odds matrix numbers (in brackets) show, the 
substitutions are borderline conservative/non-conservative and 
thus the nature of the substitution is not clear cut. It is 
likely that some variability would exist at this amino acid 
position.
The non-conservative amino acid substitution between TTE 
virus and the other viruses of the TBE corrplex at amino acid 
233 is shown on Figure 8.3. and listed below:
TTE leucine
CEE NeudoerfI, CEE Kumlinge, RSSE Sofjin, glutamine
LI proline
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The substitution also occurs in antigenic domain A beyond the 
region of hypervariability (base 200 to 215). Two of the three 
substitutions, between leucine and glutamine (6), leucine and 
proline (5) are non-conservative ; the change between proline 
and glutamine (8) is conservative. Glutamine has an acidic R 
chain and is more hydrophilic than leucine. However the sizes 
of these two molecules are similar. The formation of an alpha 
helix is favoured by leucine, but not by glutamine. Proline is 
a very different amino acid Which promotes reverse turns in 
beta sheets. The log odds matrix numbers show that the 
conservative change between proline and glutamine is marginal. 
Therefore at this amino acid position notable variability would 
be expected to occur between TTE virus and the other viruses. 
Some variability would be expected between CEE NeudoerfI, CEE 
Kumlinge and RSSE Sofjin viruses and LI virus.
A second non-conservative change lies immediately adjacent 
to the last one at position 234:
TTE glycine
CEE NeudoerfI, CEE Kumlinge, RSSE Sofjin, asparagine
LI : histidine
The substitution between glycine and histidine (6) is non­
conservative and that between glycine and asparagine (8) , and 
asparagine and histidine (10) is conservative. Asparagine has 
a bulkier R group and is a more highly polarised molecule than 
glycine. However both glycine and asparagine promote reverse 
turns in beta sheets. Histidine has a hydrophobic R group and
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is not known to promote reverse turns. Thus TTE virus would be 
expected to be different at this position from the other TBE 
carrqplex viruses, the change to glycine being notably non- 
conservative . The difference between the other viruses would 
be ejected to be very small, as the asparagine to histidine 
substitution is conservative.
The non-conservative amino acid substitution between TTE 
virus and the other viruses of the TBE complex at amino acid 
317 is shown on Figure 8.3. and listed below:
TTE valine
CEE NeudoerfI, CEE Kumlinge alanine 
RSSE Sofjin isoleucine
KC threonine
All the substitutions between amino acids at this point, valine 
and alanine (8), valine and isoleucine (12), valine and 
threonine (8), alanine and threonine (9) and isoleucine and 
threonine (8) are conservative with the single exception of the 
non-conservative substitution between alanine and isoleucine 
(7). Both amino acids are hydrophobic, but alanine is a small 
amino acid most often found in alpha helices vhile isoleucine 
is a larger molecule with a propensity to occur in beta sheets. 
Valine is a branched molecule containing two more methyl groups 
than alanine. Threonine is similarly sized but has a polar 
side chain and is more likely to promote reverse turns in beta 
sheets than either valine or isoleucine. The log odds matrix 
numbers show the changes between all the amino acids at this
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position, with the exception of the change of valine in TTE 
virus with isoleucine in RSSE Sofjin virus, are largely 
borderline conservative/non-conservative. Thus TTE virus and 
RSSE Sofjin viruses would be expected to be similar in this 
position vhilst more variability would be expected to exist in 
the other TBE complex viruses. This change lies in domain B on 
vhat represents a glycosy lation site in yellow fever (YF) and 
St. Louis encephalitis (SLE) viruses.
The non-conservative amino acid substitution between TTE 
virus, CEE NeudoerfI, CEE Kumlinge, ard RSSE Sofjin and LI 
viruses at amino acid 471 is shown on Figure 8.3. and listed 
below:
TTE, CEE NeudoerfI, CEE Kumlinge, RSSE Sofjin methionine 
LI : threonine
This substitution of methionine and threonine (7) occurs only 
in LI virus in the short hydrophilic region which interrupts 
the two hydrophobic transmembrane regions (Figure 8.3.). 
Methionine has a hydrophobic R group and its substitution by 
threonine, Wiich has a polar uncharged R group, in LE virus 
would lead to an increase in hydrophilicity in this region of 
the polyprotein. Moreover, this amino acid is placed adjacent 
to the charged amino acid, arginine, vhich is involved in 
stopping the transfer of the protein chain across the membrane. 
TTE virus has the same amino acid as the majority of the other 
viruses of the TBE complex in this region and therefore this 
would appear to be a change specific to LE virus.
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This ccaiparison has shown that where a non-conservative 
substitution occurs, the degree of charge effected is 
restricted. The lowest score seen for a non-conservative 
change was five (position 233) and the more usual score was six 
or seven. Scores on the log odds matrix can fall to 1 and thus 
it is clear that the change Wiich has occurred is of a 
relatively restricted nature except possibly at position 233.
Finally, it is apparent that a number of substitutions 
occur in an apparently prominent position in antigenic domain A 
of the E protein at positions 233 and 234. Moreover, 
conservative changes also occurred in this region at amino acid 
positions 230 and 232 (Table 8.2.). This region is thus 
postulated as one of hypervariability (Figure 8.3.).
8.7. Comparison of the hydrqphilicity plots of the amino 
acids of part of the E protein of ITE virus with the 
same region in other viruses of the TBE complex.
The hydrophilicity plots of these viruses were also 
compared to assess the degree of change in hydrophilicity and 
hydrophobicity effected by the amino acid substitutions. The 
aligned plots, calculated using the Microgenie secpience 
analysis program (section 7.8.), of the partial E protein 
sequence of TTE virus and a number of other viruses of the TBE 
complex, CEE Kumlinge, CEE NeudoerfI, LI, RSSE Sofjin and LGT 
TP21 viruses, are shown in Figure 8.4. An examination of these 
plots was performed, with particular attention being paid to
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those regions in which the non-conservative amino acid 
substitutions were located (206, 233, 234, 317 and 471).
The substitution at amino acid 206 reveals differences in 
the heights of peaks in this region and thus differences in the 
degree of hydrophilicity. The peak found in RSSE Sofjin virus 
is the largest, whereas those in TTE and LI viruses are smaller 
and those in CEE NeudoerfI and CEE Kumlinge viruses are the 
smallest. Thus, the non-conservative amino acid substitution 
in RSSE Sofjin virus of serine, a polar uncharged amino acid, 
from the hydrophobic amino acids, alanine and valine, found in 
other viruses of the TBE coirplex effects a more hydrophilic 
region in the E protein in this virus. Similarly the 
differences between alanine and valine may be seen in the small 
differences in the height of the peak at this position in the E 
proteins of TTE and LI viruses in comparison with CEE NeudoerfI 
and CEE Kumlinge viruses.
Studies in section 8.6. of the substitutions of the amino 
acids 233 and 234 suggested that notable variability would be 
found in this region of the E protein in TTE virus. This is in 
fact vAiat is seen with a less hydrophilic region occurring, 
which is very different from all the other viruses of the TBE 
coitplex studied.
The substitution at amino acid 317 reveals a site where 
small differences are evident in the heights of the hydrophilic 
peaks. The largest peak, and thus the most hydrophilic region,
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is seen in LI virus, with CEE NeudoerfI and CEE Kumlinge 
viruses having similar, slightly smaller peaks, and RSSE Sofjin 
and TTE viruses having the smallest peaks. Thus, this region 
of variability would appear to be reflected in the degree of 
hydrophilicity of the protein at this region.
The substitution at amino acid 471 reveals very little 
change occurring in this region in all the viruses of the TBE 
complex studied, largely as predicted by the amino acid 
analysis.
An examination of the hydrophilicity plots thus confirms a 
number of expected regions of variability predicted from the 
analysis of the non-conservative amino acid substitutions. It 
further confirms that the region including amino acids 233 and 
234 is the region in the E protein of TTE virus which is most 
different from that of the other TBE complex viruses. The 
changes found in most other regions of the hydrophilicity plots 
are small and appear to involve merely changes in the height of 
the peak and correspondingly in the degree of hydrophilicity. 
The changes found in this region of the E protein of TTE virus 
show a pattern of hydrophilicity completely different from that 
seen for the other viruses of the TBE complex studied.
It was also noted that all the non-conservative 
substitutions, with the exception of the one which occurred in 
the transmembrane region, were placed in hydrophilic regions.
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whereas conservative substitutions occurred in both hydrophilic 
and hydrophobic regions.
8.8. Ocnparison of the antigenic relationship of TTE virus
with other viruses of the TBE complex.
Finally, a schematic representation was prepared of the 
antigenic relationships between TTE virus and a number of other 
viruses of the TBE complex based on a comparison of part of 
their E proteins. The analysis was performed using the cluster 
analysis program on the 'Clustal' computer program. This 
program aligns amino acid sequences using a method of 
similarity scoring calculated by Wilbur and Lipman (1983). 
This alignment is subsequently used to cluster the sequences 
using unweighted pair group maximum averages (average linkage 
cluster analysis) described in Sneath and Sokal (1973).
The comparison is shown in Figure 8.5. and reveals that 
TTE virus is most closely related, antigenically, to CEE 
Kumlinge and CEE NeudoerfI viruses. The relationship with RSSE 
Sofjin virus is a little more distant and that with LI virus a 
little more distant still. The relationship with LGT TP21 is 
the most distant. However all these homologies were easily 
within limits which allow viruses to fall within the same 
antigenic complex. It is important to record that these 
deductions, and many subsequent ones, are based on the 
assumption that the partial region of the E protein gene 
sequenced is representative of the whole.
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8.9. Discussion.
The aim of these studies was to clone and sequence the E 
protein gene of the TTE virus with the aim of performing 
comparisons with the E proteins of other viruses of the TBE 
complex. The E protein was chosen to begin these studies as it 
is the major surface protein of the virus and is believed to be 
responsible for a number of functions, which include eliciting 
neutralising antibodies and protective immunity, and mediating 
both receptor binding and low pH induced membrane fusion of 
virus membranes with cellular membranes (Guirakhoo et al., 
1989; Roehrig et al., 1989; Heinz et al., 1990a) (section
1.2.3.1.). The importance of the functions carried out by the 
E protein impose structural constraints which make it unlikely 
that the E protein gene can provide a true representation of 
the evolutionary relationship between any two flaviviruses. 
However a comparison of the E protein gene of TTE virus with 
other viruses of the TBE complex does provide much interesting 
information about the nature of the antigenic relationships 
which exist between them.
Using RT and the polymerase chain reaction (PCR) it was 
possible to amplify and sequence a region of 1171 nucleotides 
of the E protein gene of TTE virus which represents the 
majority, 78.7%, of the E protein gene. This sequence was 
compared with a number of other TBE complex viruses, CEE 
Kumlinge, CEE NeudoerfI, RSSE Sofjin, KE and LGT TP21 viruses 
and revealed a high number, 175 to 287, of nucleotide changes
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(Table 8.1.). However, many of these changes were silent and 
the number of amino acid substitutions between TTE and other 
viruses of the TBE complex ranged from 17 to 54 from a total of 
390. Thus, it is clear that TTE virus is distinct from other 
tick-bome flaviviruses sequenced to date.
Alignment of the amino acids of the E proteins of these 
viruses of the TBE complex and similarity scoring between 
aligned amino acid pairs was performed using the Clustal 
computer program. This program performs similarity scoring 
between aligned amino acid pairs using the log odds matrix of 
Dayhoff (1978), which is reproduced in %>endix 2. This is a 
table indicating the frequency with which various amino acids 
are replaced by each other. Amino acid substitutions are shown 
as either conservative or non-conservative. The parameter of 
the program, which controls the degree of conservative 
substitution allowed between different amino acids, is the 
'cut-off conserves' parameter. It is used to specify a cut off 
score that should exist between two non-identical amino acids 
for them to be considered as a conservative substitution. The 
program's default value is ten. As has been discussed, for the 
purposes of this study it was set at eight. Increasing the 
value to greater than ten will eliminate almost all of the 
possible conservative matches. Setting it at eight requires 
there to be a less close match between two non-identical amino 
acids for them to be considered as conservative. That is, with 
the ' cut-off conserves ' parameter set at eight there have to be 
bigger differences between amino acid pairs before they are
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considered as non-conservative. This reveals the amino acid 
substitutions which have the biggest effect on the structure of 
the resultant protein.
The resultant coiputer analysis of the total number of 
amino acid substitutions between TTE and different viruses of 
the TBE complex was found to be 45, 40 of which were
conservative and five of which were non-conservative. The 
assumption was made that the conservative substitutions would 
make little difference to the structure of the E protein. An 
examination of the non-conservative amino acids was performed 
and revealed interesting data.
A number of non-conservative amino acid substitutions 
occur in Domain A. This domain is most important in the 
induction of neutralising and haemagglutination-inhibiting 
antibodies (Guirakhoo et al., 1989). Three hypervariable 
regions have been described within this domain, amino acids 81- 
88, 206-212 and 230-234, the positions of which are shown in 
Figure 8.3. An amino acid change has been reported at position 
233 in a CEE NeudoerfI virus monoclonal antibody neutralisation 
escape mutant (Mandl et al., 1989b). The mutation at position 
233 is thought to result in a conformational change which also 
affects an epitope, i3, located on a topologically distant site 
(Holtzmann et al., 1989; Heinz et al., 1983). Thus the peptide 
230-234 has been associated with a neutralisation domain.
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The substitution found in TTE and LI viruses, at amino 
acid number 206, of alanine with either valine (CEE NeudoerfI 
and CEE Kumlinge viruses) or serine (RSSE Sofjin virus) was 
found likely, from the study of amino acids, to produce a 
region of slight variability in all the TBE complex viruses, 
with a slightly more notable change in RSSE Sofjin virus in 
this position. The non-conservative amino acid substitutions 
found at this position: valine and serine, have a high relative 
frequency of occurring in reverse turns in beta sheets and in 
beta sheets respectively (Creighton, 1983). Examination of the 
hydrophilicity plots (section 7.8.), however revealed a 
difference in the degree of hydrophilicity between the viruses 
which reflected the groupings of the amino acids (section
8.6.). Thus, the largest hydrophilic peak was seen for RSSE 
Sofjin, followed by TTE and LI viruses, with the smallest peak 
occurring for CEE NeudoerfI and CEE Kumlinge viruses.
Further amino acid substitutions were found in the
hypervariable region of 230-234 in domain A. The amino acid
substitution which occurs at amino acid 233 in TTE virus is 
leucine with glutamine (CEE NeudoerfI, CEE Kumlinge, RSSE
Sofjin viruses) and proline (LI virus). Two of the three 
substitutions in this position between the different TBE 
complex viruses are non-conservative and would be expected to 
effect change. The substitution of glutamine with proline is a 
conservative substitution, but borderline in nature. Thus, 
notable variability would be expected in the amino acid at this 
position. An adjacent amino acid change occurs at position 234
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of glycine with asparagine (CEE Neudoerfl, CEE Kumlinge, RSSE 
Sof jin viruses) and histidine (LI virus). The amino acid at 
this position in TTE virus would be expected to be very 
different from that seen in the other viruses of the TBE 
complex. Thus region 230-234 was expected to exhibit a 
significant change in structure and possibly in antigenicity as 
many of the amino acids found here favour different 
environments and different molecular formations. Further 
examination revealed a number of conservative changes also 
occurring in this region at positions 230 and 232.
An examination of the two dimensional model of the E 
protein, Figure 8.3., would suggest that substitutions 
occurring in this region are prominently placed in the E 
protein and thus might be expected to alter the antigenicity of 
this protein. However it is not possible to substantiate these 
observations in the absence of a three dimensional model of the 
E protein.
The hydrophilicity plots substantiate the existence of a 
very different hydrophilicity profile for TTE virus in this 
region. Moreover this region would appear to be the one most 
altered from those of other viruses of the TBE complex over the 
vhole of the sequence obtained. It is therefore interesting to 
note that the two ovine encephalomyelitis viruses, TIE and LI, 
differ from the human encephalitis TBE complex viruses at both 
amino acids 233 and 234. All the human viruses of the TBE 
complex share the same amino acids at these two positions.
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Therefore, the existence of this altered region in domain A may 
represent altered epitopes involved in the determination of 
biological differences between the ovine TBE complex viruses, 
LI and TTE, and the other TBE complex viruses. It is possible 
that this change is of particular significance in changing host 
preference of these viruses, making them virulent in sheep and 
less virulent in humans. However, further studies would be 
required to substantiate this possibility.
Domain B has been found to contain the tick-bome complex- 
specific epitopes (Shiu et al., 1991) and has also been shown 
to have the lowest percentage variability of amino acids of the 
three domains (Domain A: 10.2%; Domain B: 8.4% and C: 10.2%). 
A single amino acid substitution occurs at amino acid 317 in 
TTE virus of valine with alanine (CEE Neudoerfl and CEE 
Kumlinge viruses), isoleucine (RSSE Sof jin virus) and threonine 
(LE virus). Evidently the amino acid at this position is 
variable, albeit mainly conservatively, between the different 
TBE complex viruses. Valine and isoleucine are in fact a 
conservative change found between TTE virus and RSSE Sof jin 
virus, both amino acids being of similar size and showing a 
propensity to occur in beta sheets. However the non­
conservative change between alanine and isoleucine is likely 
to promote change between the other viruses in an area which is 
relatively accessible in the E protein model. The 
hydrophilicity plots reveal small differences in the degree of 
hydrophilicity in the peak in this position.
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It is interesting to note that the position of this change 
(317) lies on what represents a glycosylation site in YF and 
SIjE viruses (Rice et al., 1985). None of the tick-bome 
flaviviruses so far sequenced would appear to be glycosylated 
at this site. Furthermore, other flaviviruses v^ich may be 
transmitted by both mosquitoes and ticks, YF, SLE and WN 
viruses, are also not glycosylated at this site (Chambers et 
al., 1990). Glycosylation is thought to play a role in virion 
assembly or release and it is clear that in some flaviviruses E 
protein release is impaired vAien glycosylation is prevented. 
This, however, would not appear to be the case for the viruses 
of the TBE complex (Winkler et al., 1987). It will be 
interesting to discover vhether the protein of Powassan virus, 
vhich may also be transmitted by both ticks and mosquitoes, is 
glycosylated at this site.
The amino acid substitution at position 471 would appear 
to be a substitution which has occurred in the evolution of LI 
virus. TTE, CEE Neudoerfl, CEE Kumlinge and RSSE Sof jin 
viruses all have methionine in this position, vhereas LI virus 
has threonine. This substitution occurs in the short 
hydrophilic region vhich interrupts the two hydrophobic 
transmemibrane regions (Figure 8.3.). Methionine has a 
hydrophobic R group and threonine has an uncharged polar R 
group. Thus, the change in LE virus would appear to be from 
hydrophobic to hydrophilic, a surprising change given the 
presumed importance of this region in the anchoring of this 
protein in the membrane. Moreover, this amino acid is plaçai
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adjacent to the charged amino acid, arginine, \mhich is involved 
in stopping the transfer of the polypeptide across the 
membrane. The effect that this change might induce, due to its 
proximity to the charged amino acid, is difficult to determine.
Overall it is apparent that a number of changes occur 
between TTE virus and a number of other viruses of the TBE 
ccarplex in vhat would appear to be antigenically important 
positions in the E protein. However, it is important to note 
that the comparisons performed between amino acids were 
extremely basic and did not take into account any of the 
interactions which take place within the three dimensional 
structure of the protein. Much effort has been expended into 
predicting the secondary structure of proteins from amino acid 
sequences and a knowledge of the different tendencies of 
residues to occur in alpha helices, beta sheets and reverse 
turns. The predicted secondary structure agrees with \f\Aiat is 
actually found in approximately 60% of those proteins vdiose 
structures have subsequently been resolved by X-ray methods 
(Stryer, 1988). It is now known that the context in vAiich a 
peptide segment folds may be crucial. Thus, encouraging 
beginnings have been accomplished, but it is evident that much 
remains unsolved. Powerful new experimental approaches are now 
being brought to bear in an effort to make prediction of 
protein structure more reliable.
A further interesting point emerged from these studies. 
All the non-conservative substitutions, with a single
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exception, occurred in hydrophilic regions of the TTE virus E 
protein. The single exception to this was found in the 
transmembrane region ViÆiere variability is frequently found in 
other viruses of the TBE complex. Moreover, reference to the E 
protein model. Figure 8.3., shows that the substitutions all 
appear to lie in relatively exposed positions. As has been 
discussed, no three dimensional model of this protein is 
available at present and the two dimensional model referred to 
in these studies is only putative. Thus, it is not possible to 
study the degree of exposure of these substitutions in a proven 
model. If the position is in fact as ej^sed as it would 
appear to be, then it may be postulated that the occurrence of 
these substitutions may have functioned to give the mutated 
virus a chance to evade the immune system more efficiently than 
its parent, thus giving it a selective advantage. Herein, 
evidently, lies the mechanism vhich may lead to the evolution 
of a different virus strain.
A further point of interest was observed within the amino 
acid sequence of the E protein of TTE virus. Previous studies 
(Shiu et al., 1991) have revealed the existence of 6 contiguous 
amino acids, 207 to 212, EEiLPTA, within a hypervariable region 
in domain A. This sequence has thus far been found within 
tick-bome viruses but not in mosquito-bome viruses. This 
region has been proposed as a putative receptor binding site 
for tick-bome flavivin^es (Shiu et al., 1991). Furthermore, 
it has been proposed as a region which might be used as a probe 
to identify flaviviruses of unknown vector, as tick-bome
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viruses. This sequence is found in TTE and CEE Kumlinge 
viruses (Chapter 7) thus providing further confirmatory 
evidence of its conserved nature in TBE complex viruses.
A study of the placing of the non-conservative 
substitutions with reference to regions of functional 
importance (section 8.5.) revealed their occurrence in the 
hydrophobic transmembrane region only. None of the other 
regions shown in Figure 8.2. contained any such substitutions, 
including the potential signal sequence, the charged amino acid 
residue involved in preventing the transfer of the protein 
chain across the membrane, the glycosylation site or the 
partial cleavage site. This would support earlier studies that 
mutation in such regions is not enhancing to the fitness of 
the virus. The cysteine residues are all conserved in the 
partial E protein of TTE virus, a factor important in the 
conservation of the E protein secondary structure.
One of the aims of these studies was to try to shed. 
light on the nature of the relatior^ hip of this ovine virus to 
another ovine viruses of the TBE complex, LI, and to other 
viruses of the complex affecting humans, CEE Neudoerfl, CEE 
Kumlinge, RSSE Sof jin and LGT TP21. TTE virus is similar to LI 
virus in that it causes encephalomylelitis in sheep, although, 
as has been discussed (section 8.1.), LE infections have been 
recorded in humans. Furthermore, it would be interesting to 
know from vtience TTE virus has emerged to produce the 
apparently new focus of infection.
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Comparisons of the aligned amino acid sequences of TTE 
virus and a number of other viruses of the TBE complex has 
confirmed earlier studies vdiich showed that TTE virus is a 
member of the TBE complex of viruses. Further computer 
analyses of the antigenic relationships between these viruses 
was performed using the Clustal conputer program. This program 
produces a reasonably accurate representation of the antigenic 
relationships between the different E protein sec^ iences by 
performing a comparison of the degree of sdmdlarity between 
amino acids, rather than by simply scoring an amino acid match 
or a mismatch.
The E protein is most often targeted vÆien an assessment of 
the antigenic relationships of flaviviruses is performed. This 
protein is exposed to the host's immune system and carries out 
a number of functions vital to the fitness of the virus. Thus, 
although variability at the nucleotide level may occur, changes 
at the amino acid level would appear to be restricted. Thus, 
antigenic relationships between viruses are thought to be best 
illustrated by a comparison of their E proteins.
The schematic representation in Figure 8.5., comparing the 
partial amino acid sequence of the E protein of a number of TBE 
conplex viruses with TTE virus, shows TTE virus to be most 
closely related antigenically to CEE Neudoerfl and CEE Kumlinge 
viruses with a slightly more distant relationship to RSSE 
Sof jin virus. The relationship with LI virus is more distant, 
although still relatively close. It must be borne in mind that
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the nature of the information on vhich this Figure is based is 
incomplete and therefore it is not possible to draw any 
definite conclusions. However the schematic representation 
points to a closer antigenic relationship between TTE, CEE and 
RSSE virus subtypes than to LI virus.
The availability of the amino acid sequences of the capsid 
and membrane proteins would make further elucidation of the 
relationships of these viruses possible. These proteins are 
less exposed to the host's immune system and are thus more 
variable than the E protein. They are therefore thought to 
provide a reasonable indication of evolutionary relationships 
(Mandl et al., 1988). In the absence of this information the 
conclusions which may be drawn are limited.
However, based on the available evidence it would appear 
that TTE virus is more closely related antigenically to the CEE 
viruses vdiich cause human disease, than to LI virus vhich more 
usually causes disease in sheep. It is therefore possible this 
encephalomyelitis of sheep has evolved from a CEE virus, or 
indeed that the CEE virus has evolved from the TTE virus. 
Equally well it is possible that both these viruses have 
evolved from a common ancestor. Clearly, more studies, 
including a determination of the conplete nucleotide sequence 
of TTE virus, are necessary to answer these questions.
These initial studies stimulate important questions. Is 
the LI virus spreading to other previously uninfected areas
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limited to one species, the sheep, or are the CEE and RSSE 
virus subtypes crossing barriers to produce disease in species 
not normally affected? The normal vertebrate vectors for the 
CEE and RSSE viruses include rodents, birds, hedgehogs, shrews, 
moles and goats. However it is clear that the adult tick
vector, Ixodes ricinus, can exist on hedgehogs, foxes, badgers, i
hares, deer, cattle, sheep, goat, pig, dog, cat and humans i
(Gresikova and Calisher, 1988). No disease that could be !
attributed to this virus has been found in wild animals in 
natural foci (Gresikova, 1972), although sub-clinical 
infections have been induced in dogs. Spread of this disease 
to sheep is entirely possible, particularly if the virus strain 
is mutated in some way.
Further studies are thus required to obtain the sequence 
data from remaining regions of the structural protein genes.
Such studies will help to elucidate the evolutionary origin of 
this virus and provide useful information concerning the 
epidemiology and spread of this disease. Moreover, it may also 
provide useful information concerning the spread of such 
diseases between different species.
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CHAPTER 9.
Analyses and comparisons of part of the structural-protein 
coding region of the genome of Langat virus strains TP21 and
TP64.
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9.1. Summary.
Part of the structural protein coding region of the 
genomes of Langat virus strains TP21 and TP64 (LGT TP21 and 
TP64) were reverse transcribed, amplified, cloned and 
sequenced.
Nucleotide and amino acid sequence data comparisons were 
made with the recently published sequences of LGT TP21 and 
Yelantsev viruses. Analyses were performed to assess the 
importance of any amino acid substitutions within this region 
of the genome.
The evolutionary relationship of LGT virus to a number of 
other flaviviruses was assessed by calculation of the 
percentage homologies of its M protein to a number of other 
tick-bome encephalitis (TBE) viruses and to flaviviruses from 
other complexes.
Both LGT and Yelantsev viruses are low virulence natural 
isolates of the TBE complex. Studies have been performed of 
the molecular basis for attenuation and virulence in these and 
a number of other flaviviruses. A limited study of the amino 
acid substitutions in the sequences of LGT TP21 and TP64 
viruses was performed with reference to such studies.
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9.2. Introduction.
Langat virus, strain TP21 (LGT TP21), a member of the 
tick-bome encephalitis (TBE) virus complex, was originally 
isolated in 1956 from a pool of ticks, Ixodes granulatas, from 
forest rats caught near Kuala Lumpur, Malaysia (Gordon Smith, 
1956). Serological tests revealed that this virus was related 
to the Far Eastem (RSSE) subtype of the TBE viruses. Langat 
virus strain TP64 (LGT TP64) was also isolated from the same 
species of tick in Malaria in 1959.
The LGT virus strains were found to exhibit a 
significantly lower virulence in man and in certain animal 
models (Mayer, 1974). Interest in the use of this virus as a 
vaccine strain followed the discovery that illness with a 
single virus member of the RSSE subtype effected the production 
of neutralising antibodies, lasting several years, against a 
number of virus strains from the same subtype. It was 
hypothesised that vaccination with an attenuated virus of the 
TBE complex might protect against other viruses of the same 
complex, with the possible exception of Powassan virus. Thus, 
the naturally attenuated LGT TP21 virus was chosen for early 
studies into the development of an attenuated live vaccine.
In America, an attenuated clone (E5) of LGT TP21 virus was 
developed, by adaptation of the virus to chick embryo cells 
(Thind and Price, 1966). This virus was shown to possess a 
high degree of genetic stability whilst maintaining a low level
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of virulence. The E5 clone was a better immunogen than earlier 
strains of IX3T virus and produced both humoral and cell 
mediated immunity in volunteer vaccinees.
Other studies were performed in Russia into the reaction 
causing properties and iraraunogenicity of two cloned variants of 
LGT TP21 virus (Il'eriko et ai., 1968). One clone, vhich was 
not pathogenic for rhesus monkeys vhen inoculated 
intercerebrally, was used to prepare a live vaccine. Two 
inoculations of this vaccine caused the formation of moderate 
titres of antibody against TBE virus in over 70% of vaccinees. 
Antibodies to TBE virus were maintained for a period of 
approximately three years in contrast to the one year achieved 
by vaccines currently in use at that time. A second clone, 
vhich was pathogenic for rhesus monkeys, was also used to 
prepare a live vaccine. Inoculation by this second vaccine 
produced a superior immune response but also caused febrile 
reactions and a number of other side effects in 10% of 
inoculated persons.
Additional studies into the use of attenuated strains as 
vaccines were carried out by a number of groups (Dubov et al., 
1972; Andzhaparidze and Stepanova, 1970; Mayer, 1966; Mayer et 
al., 1969). Included in these studies was another attenuated 
virus, Yelantsev. This virus was originally isolated from the 
blood of a human without disease symptoms. The isolated virus 
exhibited a strongly reduced virulence in comparison with other
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viruses of the TBE conplex and was thus described as a 
naturally attenuated isolate (Dubov et al., 1972).
Subsequent assessments were performed on the LGT TP21 E5 
clone, and a number of others of those discussed, as 
experiïïfântal live vaccines against TBE (Mayer, 1974). Overall, 
these trials revealed that unacceptable levels of 
reactogenicity in humans occurred. For example, in the LGT 
TP21 E5 clone trials a 1:20,000 rate of encephalitis had 
occurred. Such findings precluded further development of these 
attenuated strains as vaccines.
A number of studies of the molecular basis of flavivirus 
virulence and attenuation have been performed to date. One 
approach utilised for yellow fever (YF) virus compared the 
sequence changes vhich occurred between the virulent strain, 
Asibi, and an attenuated vaccine virus strain YF 17D (Hahn et 
al., 1987). Similar studies compared the sequence changes 
which occurred between the virulent SA-14 strain of Japanese 
encephalitis (JE) virus and an attenuated strain, SA14-14-2, 
derived by passage of the host strain in primary hamster kidney 
cell culture (Nitayaphan et al., 1990). Further studies showed 
that a single point mutation within the envelope (E) protein, 
at amino acid 384, caused the attenuation of a monoclonal 
antibody (MAb) escape mutant of TBE virus (Holtzmann et âl., 
1990) and of the Murray Valley encephalitis (MVE) virus (Lobigs 
et al., 1990).
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The flavivirus E protein was thought likely to be the 
major determinant of virulence, since it is believed to mediate 
a number of essential functional activities, including receptor 
binding and low pH induced membrane fusion (section 1.2.3.1.). 
Studies performed to date would tend to confirm this.
The original aim of this work was to sequence the E 
protein gene of two strains of LGT virus and to analyse amino 
acid substitutions with the aim of attempting to elucidate 
those molecular changes implicated in attenuation.
Early studies to reverse transcribe and airplify the E 
protein gene of LGT virus strains had access to the incomplete 
sequences of two TBE viruses only:
- Far Eastem (RSSE) subtype, strain Sof jin (RSSE 
Sof jin) (Yamshikov and Pletnev, 1988).
- Central European subtype, strain Neudoerfl (CEE 
Neudoerfl) (Mandl et al., 1988).
Primers used to reverse transcribe and amplify the viral RNA 
(vRNA) of LGT virus strains were designed with reference to 
these two sequences. Differences between the reference viruses 
and LGT viruses were anticipated, but the differences 
ultimately exceeded expectation. Only one pair of primers, YF7 
and TICKl, was successful in producing an amplified cDNA 
fragment from LGT vRNA. Primer YF7 is located in a highly
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conserved region within the E protein gene involved in pH 
induced membrane fusion (section 1.2,3.1.) and was thus 
successful in priming. Primer TICKl primed in an unexpected 
position, approximately 350 bases upstream from its position on 
CEE Neudoerfl cDNA, binding very close to the N terminus of the 
pre-membrane (prM) protein gene. Thus the resultant cDNA 
amplified fragment contained 89% of the prM protein gene (3 ' 
end), the complete membrane (M) protein gene, and 22% of the E 
protein gene (5' end). It was therefore evident that the 
molecular based studies of attenuation with reference to the E 
protein gene would be limited.
Therefore this Chapter describes the analyses of the 
nucleotide sequence, and deduced amino acid sequence, of the 
genes encoding part of the structural proteins of LGT TP21 and 
TP64 viruses. In addition comparisons of this virus with other 
TBE complex viruses and other flaviviruses are performed and 
the evolutionary relationships existing between them are 
discussed. Finally a limited study of the molecular basis of
attenuation in LGT TP21 and TP64 viruses is performed with
reference to earlier studies of other flaviviruses.
9.3 E3^ )eriinental work.
The vRNA from a crude purification of LGT TP21 viruses 
(section 2.5.2.2.) and the VRNA from a gradient purified 
preparation of LGT TP64 viruses (section 2.5.2.1.) was
denatured, reverse transcribed, amplified, cloned and
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sequenced, in duplicate, as described sections 2.10.1., 4.4.1
and 2.10.2. to 2.15.7. The primers used for reverse 
transcription and amplification, YF7 and TICKl, (Table 2.2.) 
were designed to flank a region from base 836 to 1271 in the 
structural protein coding region for CEE Neudoerfl virus (Mandl 
et al., 1988) to produce a fragment 476 base pairs (bp) long. 
However primer TICKl 'misprimed' to a different position on the 
cDNA/vRNA hybrid. Thus primers YF7 and TICKl flanked a region 
from base 378 to 1161 in the structural protein coding region 
in LGT TP21 and TP64 viruses (Mandl et al., 1991b) to produce a 
fragment 822 kp long (including primers). A negative control, 
minus vRNA, was also performed as described.
Sequence data was assembled and analysed as described in 
section 2.17. The percentage homologies of nucleotides and 
amino acids were calculated from aligned amino acid residues 
using the Microgenie sequence analysis program.
9.4 Amplification of part of the structural protein
coding region of the genomes of LGT TP21 and LGT TP64 
viruses.
The reverse transcribed and amplified cDNA fragments of 
LGT TP21 and LGT TP64 viruses were electrophoresed on a 2% 
agarose gel (section 2.11.). The results are shown in Figure 
9.1a. and 9.1b. respectively. Both bands of successfully 
amplified cDNA, 823 tp long, are shown in Lane 1 of Figures 
9.1a. and b. The absence of a band of cDNA in Lane 2, Figure
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EiSURE 9.1
PCR A M PL IF IE D  PRODUCTS OF LGT TP21 AND T P 64  VIR U SES
(2% agarose gel)
(a)  Ampli f ied product  of LGT TP21 vRNA  
1 2 5
823bp
(b) Ampli f ied product  of LGT TP64  vRNA
1 2 3
823bp
(a) Lanel :  Ampli f ied product of LGT TP21 vRNA
2: Control :  ampl i f icat ion in absence of vRNA
5: ^ X 1 7 4 / H a e l l l  and  ^/H in d l l l  molecular  weight  markers
(b) Lane l:  Ampli f ied product  of LGT T P 6 4  vRNA
3: ^ X 1 7 4 /H a e l l l  and  ^/H in d l l l  molecular  weight  markers
Primers YF7 and T IC K l  f lank  a region from base 3 7 8  
to 1161 in the s t ru ctura l  protein coding region 
(Mandl et  al., 1991)
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9.1a., the negative control, substantiates that no cross 
contamination occurred.
9.5. Nucleotide and amino acid ocnparisons of part of the
structural protein coding region of the genomes of 
IGT TP21 and LGT TP64 viruses with the published LGT 
TP21 and Yelantsev virus sequences and with other 
sequences of TBE complex viruses.
The nucleotide and deduced amino acid sequences of the 
amplified cDNA fragments of LGT TP21 and TP64 viruses were 
found to be identical over the regions sequenced and are shown 
in Figure 9.2. In order to facilitate later comparisons, the 
numbering of the nucleotides and amino acids of the LGT TP21/64 
virus sequence in this Figure corresponds to that of the 
published LGT TP21 virus sequence I.e. nucleotide and amino 
acid position 1 correspond to the first nucleotide or amino 
acid of the capsid (C) protein gene and not to the first 5’- 
nucleotide of the genome. The part of the structural protein 
coding region sequenced included the following sequence 
information:
Nucleotides 378 to 615, 89%, of the prM protein gene (nucleotides 349 to 615).
The complete M protein gene, nucleotides 616 to 840.
Nuclœtides 841 to 1159, 22%, of the E protein gene (nucleotides 841 to 2328).
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Figure 9 . 2  Notes.
N u c le o t id e  p o s i t io n  379 corresponds to  the f i r s t  n u c le o t id e  
sequenced in these s tu d ies .  The sequence is t r a n s l a t e d  in to  the  
amino ac id  sequence of  the s t r u c t u r a l  p r o t e in s .  The amino-  
te rm in i  of the M and E p ro te in s  are in d icated  by a r ro w s . 
Hydrophobic regions thought to anchor the pro te in s  M and E in the  
i i p i d  envelope are dep ic ted by s o l i d  l in e s .  P o t e n t i a l  s igna l  
sequences are dep ic ted  by dashed l in e s .  Cleavage s i t e s  are  
d ep ic ted  by dotted  l i n e s .  Amino acid  s u b s t i t u t i o n s  (see Tab le  
9 . 2 )  are p r in t e d  in bold;  conserved s u b s t i t u t  ions are u n d e r l in e d  
and non conserved s u b s t i t u t io n s  are in d icated  by . An a s t e r i s k  
in d ic a te s  charged amino acid  residues tha t  are probably invo lved  
in stopping the t r a n s f e r  of the p r o te in  chain across the  
membrane. N - g ly c o s y la t io n  s i t e s  are ind icated  by t r i a n g l e s .  
Open t r i a n g l e s  are used fo r  "weak" N-glycosy la t  ion s i t e s ,  v\hich 
in the case of v i ru ses  of the TBE complex are not u t i l i s e d  in  
v i v o .
S in g le  l e t t e r  amino ac id  abbrev ia t io ns  are:  A, a l a n i n e ;
C, c y s te in e ;  D, a s p a r t i c  acid;  E, g lu tamic  ac id ;  
F, p hen y la la n in e ;  G, g ly c in e ;  H, h i s t i d i n e ;  I ,  i s o le u c in e ;
K, l y s in e ;  L, leucine;  M, meth ionine;  N, asparagine;  P, p r o l i n e ;
Q, g lutamine;  R, a r g in in e ;  S, s e r in e ;  T,  threonine;  V, v a l i n e ;
W, tryptophan;  Y, t y ro s in e .
Numbering of nuc leo t id es  and amino acids is as fo r  the genes 
encoding the s t r u c t u r a l  p ro te in s  of Langat TP21 v i r u s  (Mandl 
e t  a ! . ,  1991) for  ease of comparison.
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FIGURE 9.2
N U CLEOTID E AND D EDUCED AMIN O ACID S E Q U EN C E S OF  
PART OF THE ST R U C T U R A L  CODING REGION OF THE  
G E N OM ES OF LGT TP21 AND LGT T P 64  V IR U S ES
379 AUGGUGAÜUCGUGCUGAAGGGCGAGAUGCUQCAACCCAGGUUAGAGUGGAGAAUGGCACU 
127 M V I R A E G R D A A T Q V R V E N G T
NC A A A
UGUGUCAUUCUUGCUACAGACAUGGGAUCAUGGUQUGAUGACUCGUUGGCUUACGAAUGC 
147 C V I L A T D M G S W C D D S L A Y E C
GUGACCAUUGACCAGGGAGAGGAACCCGUUGAUGUAGACUGCUUUUGCAGAGGUGUUGAG 
167 V T I D Q G E E P V D V D C F C R G V E
HC
|—^  M
AAGGUGACACUGGAGÜAUGGACQUUQUGGAAGGCGUGAAGGUUCACGUUCCAGGCGCUCC 
187 K V T L E Y G R C G R R E G S R S R R S
HC HC ...................
GUGCUGAUUCCGUCACACGCACAGCGUGACCUGACCGGQCGGGGACACCAAUGGCUCGAQ 
207 V L I P S H A Q R D L T G R G H f i W L E
GQAGAGGCÜGUGAAGGCACACCÜGACCCGCGUUGAGGGÜUGGGUGUGGAAGAACAAAUUG 
227 G E A V K A H L T R V E G W V W K N K L
UUCACCCUUUCUCUÜGUGAUGGUGGCCUGGUUGAUGGUGGAUGGAUUGUUGCCCAGGAUU 
247 F T L S L V M V A W L M V D G L L P R I
NC NC I--- #. E
CUCAUUGUGGUUGUGGCUCUCGCAUUGGUACCGGCCUACGCGUCGAGAUGCACCCACCUG 
267 L I V V V A L A L V P A Y A S R C T H L
HC HC NC HC
GAAAACAGAGACUUCGUCACUGGGGUGCAGGGGACGACCCGCCUCACAUUGGUUCUCGAG 
287 E N R D F V T G V Q G T T R L T L V L E
CUGGGGGGCUGCGUGACGGUCACGGCGGAUGGGAAGCCAUCCCUCGACGUCUGGCUCGAC 
307 L G G C V T V T A D G K P S L D V W L D
UCCAUCUACCAAGAGAGCCCUGCACAGACAAGGGAGUAUUGCCUACAUGCAAAGUUGACU 
327 S I Y Q E S P A g T R E Y C L H A K L T
GGGACAAAGGÜGGCUGCCAGAUGCCCGACAAUGGGGCCAGCCACGCUUCCAGAQGAGCAC 
347 G T K V A A R C P T M G P A T L P E E H
CA7VAGUGGAACAGUGUGCAAGAGAGAUCAGAGCGACAGGGGAUGGGGUAACCAUUGUGGA 
367 Q S G T V C K R D Q S D R G W G N H C G
HC
use
386
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Alignment of this sequence with the recently published 
sequence of LGT TP21 and Yelantsev viruses (Mandl et al,, 
1991b) was performed. A comparison revealei that the 
nucleotide sequence obtained for LGT TP21/TP64 in these studies 
has 100% homology, over the region sequenced, to Yelantsev 
virus, rather than to the published LGT TP21 virus. A single 
nucleotide change was found at position 827 (Figure 9.2.) 
between the sequences of LGT obtained for this study and the 
published LGT sequence. This change effects a conservative 
amino acid substitution at amino acid number 276 of valine 
(published LGT TP21) to alanine (Yelantsev, LGT TP21 and TP64). 
Thus, these results would suggest that Yelantsev, LGT TP21 and 
TP64 are either very closely related, or are the same virus.
A number of functionally important regions (amino-tentiini 
of proteins, hydrophobic anchor region, potential signal 
sequences, charged amino acid residue (involved in stopping the 
transfer of the protein chain across the membrane), N- 
glycosylation sites and cleavage sites) deduced in coitparison 
with the sequence of LGT TP21 virus (Mandl et al., 1991b), are 
displayed in Figure 9.2. (See Figure 9.2. notes.)
The sequences of LGT TP21/TP64 virus strains were compared 
with a number of other TBE complex viruses, CEE Neudoerfl, RSSE 
Sof jin, and Louping 111 (11) using the Clustal program, vhich 
is more fully discussed in sections 8.5. and 8.8. The results 
of this comparison are tabulated in Table 9.1. The number of 
amino acid substitutions found between LGT virus and these
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TABLE 9.1 Notes
Codes fo r  Amino Acids:
Nonpolar  R groups :
A Alan ine Hydrophobic
F Phenylalanine Hydrophobic
1 Iso leucine Hydrophobic
L Leucine Hydrophob i c
M Methionine Hydrophobic
P Pro l in e In te rm edia te
V V a l in e Hydrophobic
W Tryptophan Inte rm edia te
P o la r ,  but uncharged R groups:
C Cysteine Hydrophobic
G Glycine Interm edia te
N Asparag i ne Hydrophi i ic
Q Glutamine H y d ro p h i l ic
S Serine In termedia te
T Threonine In termedia te
Y Tyrosine In termedia te
Pos i t i v e l y charged R groups:
H H i s t i d i n e Hydrophi1Ic
K Lysine Hydrophi1ic
R Arg in in e Hydrophi1Ic
Negat iv e ly charged R groups:
D A s p a r t ic  acid Hydrophi1ic
E Glutamic acid H yd ro p h i l ic
(Hydrophobic i ty /h yd rop h i I  i c i ty  d e scr ip t io n s  taken from 
MandI et  a l . ,  1989.)
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TABLE 9.1
CONSERVATIVE AND NON-CONSERVATIVE AMINO ACID 
S U B S T I T U T I O N S  BE T W EE N  LGT TP21 VIRUS AND OTHER V IR U S E S
OF THE TBE C O M P L E X
Amino Add Changes Conserved/
Amino Add LGT CEE RSSE Non-
Position No. TP 21 Neudoerfl Sofiln LI Conserved
127 M T T T NC
134 R K K R C
163 A S T S c
170 D 0 D E C
161 F F S F NC
184 Q N N N 0
186 E D 0 D C
187 K Q Q G NC
189 T Y Y Y NC
197 R K K K C
198 R Q Q Q C
201 S T T T C
M protein:
211 S S S T C
215 R G G Q NC
216 D E D E G
' 223 H H H R C
224 Q K K K C
228 E D 0 D C
229 A S S S . C
230 V L L L C
231 K R R R 0
232 A T T T C
246 L L V L C
247 F L L L C
248 T A T A C
250 S A A A C
251 L M V M C
252 V V 1 V C
253 M T A A NC
255 A V V V C
258 M T T A NC
259 V L V L C
260 D E E E C
261 G S 8 S C
262 L V V V C
263 L V V V 0
264 P T T T 0
266 1 V V V C
267 L A A A NC
268 1 V V V C
269 V L V L NC
272 A L L L NC
274 A c c C C
276 V A A A C
278 A V V V C
E protein;
295 V T T T c
301 L V V V c
313 V 1 1 1 c
316 D E E T c
321 L M M M c
327 S A S A c
332 S N N S c
335 Q K K K c
346 T S S S c
347 Q D D E c
361 T T T V c
363 P A A T c
366 P A A T c
368 S 0 S 1 NC
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other viruses were: 51, 47 and 54, respectively, from a total 
of 260. This translated into percentage amino acid homologies, 
for the vdiole sequenced region of 80%, 82% and 79%
respectively. The positions of these amino acid substitutions, 
and their conservative or non-conservative nature were also 
shown of Figure 9.2. Inspection of the nucleotide and derived 
amino acid sequence revealed that a number of conservative and 
more importantly, non-conservative substitutions, occurred in 
some of the functionally important sites listed above:
2 non-conservative substitutions in the hydrophobic anchor sequence of the M protein.
4 non-conservative substitutions in the leader sequence.
1 non-conservative substitution in the M/E protein cleavage site (Table 7.2.).
The substitutions lÆiich occur in the transmembrane region 
of sequence, a less-conserved hydrophobic region, do not appear 
to consist of amino acids changed in a way likely to affect 
function. Ihe substitution in the LGT virus strains of 
methionine, vhich has a hydrophobic reaction (R) group, 
maintains the hydrophobicity of this region of the protein.
The substitutions in the leader sequence for the E protein 
occur in a region which is conserved in all the other TBE 
complex viruses sequenced to date. Three of these 
substitutions, at positions 267, 272, 278, input amino acids 
Wiich have R groups with the same characteristics of 
hydrophobicity as those replaced. The fourth change, at
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position 274, is a change from a cysteine vAiich occurs in all 
other TBE complex viruses, to an alanine. This change is 
significant in that the cysteines are most usually involved in 
the secondary structure of the protein and are normally highly 
conserved in flaviviruses (section 1.2.3.1.).
One of the substitutions vhich occurs in the leader 
sequence also occurs in the E/M protein cleavage site. These 
sites are also highly conserved and change is usually 
restricted.
9.6. Analyses of the amino acids of part of the E protein
of USE TP21 and LOT TP64 viruses.
Analyses were performed of the amino acid sequence of the 
E protein of LGT TP21 and TP64 viruses to elucidate the nature 
of the non-conservative change effected at position 368. The 
degree to ViÆiich the amino acid substitutions are conservative 
or non-conservative will be indicated by a number (1-20) in 
brackets following the amino acid pair. The numbers refer to 
the log odds matrix number (Dayhoff, 1978) used to elucidate 
the nature of the substitution (^pendix 2). The significance 
of the numbering is described fully in sections 8.6. and 8.9.
A further study of the highly conserved region of amino 
acids (98-111) found in all flaviviruses (section 1.2.3.1.) was 
performed to confirm lack of change in this region in the LGT 
virus strains.
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The non-conservative amino acid substitution between IGT
TP21 and TP64 and LI viruses and the other TBE complex viruses
at amino acid 368 is listed below:
LGT TP21 and TP64, RSSE Sofjin viruses serine
CEE Neudoerfl virus, glycine
LI virus isoleucine
Two of the three substitutions occurring at this position 
are non-conservative; serine with isoleucine (7) and glycine 
with isoleucine (5). The other substitution, serine with 
glycine (9) is conservative. Thus it would appear that the 
significant change occurring here is to LE virus. The 
substitution in LI virus of isoleucine would cause this virus 
to differ from the other viruses of the TBE complex analysed. 
However no significant change from other TBE complex viruses 
would be expected in this region of the LGT virus protein.
The highly conserved region in the E protein gene in 
domain A, amino acids 98-111, is thought to be important for 
acid catalysed membrane fusion (Guirakhoo et al,, 1989 ; Roehrig 
et al., 1989; Heinz et al., 1990a). The sequence of part of 
this region (9/14 amino acids) was obtained in the sequence of 
LGT TP21/TP64 viruses. All nine amino acids are conserved. 
Thus, despite the much higher percentage of sequence change 
which occurs between LGT virus strains and other viruses of the 
TBE complex, this conserved region remains, as far as it is 
possible to elucidate, unchanged.
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9.7. Analyses of the amino acids of the M protein of LGKT
TP64 and LGT TP21 viruses.
The amino acid substitutions occurring in the regions of 
the prM and the M protein were not further analysed. It was 
not thought useful to carry out an analysis of the nature of 
the non-conservative substitutions in the absence of a model to 
which such analyses could be related.
The percentage amino acid homologies of LGT TP21 and TP64 
virus strains to CEE Neudoerfl, RSSE Sofjin, LI, YF, JE and 
Dengue 2 (Den-2) viruses were calculated, using the Micarogenie 
sequence analysis program, at 61%, 64%, 60%, 27%, 27%, and 30% 
respectively. These percentages were used to construct the 
dendrogram shown in Figure 9.3, This dendrogram shows LGT TP64 
and TP21 are most closely related to RSSE Sofjin virus. The 
relationship with CEE Neudoerfl and LI viruses is a little more 
distant. However the degree of homology between the LGT virus 
strains and other TBE coitplex viruses is much higher than is 
generally seen between viruses of other complexes.
9.8 Discussion.
Using reverse transcription and the polymerase chain 
reaction it was possible to amplify a region encoding part of 
the structural protein genes of LGT TP21 and TP64 viruses. 
This region contained 89% of the prM protein gene, the complete 
M protein gene and 22% of the E protein gene. The two LGT
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virus sequences, TP21 and TP64, were found to be identical over 
the region sequenced. Furthermore they were found to be 
identical in this region to Yelantsev virus (Mandl et al., 
1991b). A single nucleotide change at position 827 in the M 
protein gene of LGT TP64 and TP21 lead to a single amino acid 
difference at position 276 from the published LGT TP21 
sequence. Ihis difference was carefully verified in five 
different clones and sequencing studies. Thus it would appear 
that Yelantsev virus and the two LGT TP21 and TP64 strains 
studied are likely to be identical viruses, although clearly 
verification by further sequencing of the entire genome is 
necessary to confirm this. The amino acid substitution found 
at position 276, of valine in the published LGT TP21 virus and 
alanine in LGT TP21, TP64 and Yelantsev viruses, is a 
conservative change and thus unlikely to effect any significant 
difference between the two M proteins in this region.
A further attenuated strain of TBE complex viruses, 
Skalica virus, was isolated from a bank vole in Czechoslovakia 
in 1976 (Gresikova et al., 1976). Peptide mapping studies and 
analyses using a panel of MAbs showed Skalica virus to be very 
closely related to LGT virus. It is therefore interesting to 
note that during the course of these studies, the M?NA of 
Skalica virus was reverse transcribed and amplified using the 
same primers, which were used to obtain the nucleotide 
sequences of LGT TP21 and TP64 viruses, YF7 and TICKl. The 
same mispriming event occurred for Skalica virus which had 
occurred for the two LGT virus strains studied and a cDNA
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fragment of the same size was obtained. This suggests that 
there are similarities in sequence occurring between LGT TP21 
and TP64 and Skalica viruses. No confinmatory sequencing 
studies were performed for this thesis. However, subsequent 
studies (Guirakhoo et al., 1991), compared the nucleotide 
sequences of 416 nucleotides in the non-structural coding 
regions, NSl and NS3, of Skalica virus with the corresponding 
regions of LGT TP21 virus. These analyses revealed only two 
nucleotide differences out of a total of 416, Furthermore 
studies using MAbs and peptide mapping confirms that Skalica 
virus is closely related to LGT TP21 virus. There would 
therefore appear to be substantial homology between the 
naturally attenuated strains of these TBE complex viruses. 
This is similar to the situation found for a number of strains 
of CEE viruses (Chapter 7) where strong environmental and 
ecological pressures appear to operate to prevent change. 
However more extensive sequencing studies would be needed to 
confirm these initial findings.
The molecular basis of attenuation in the TBE complex of 
viruses is poorly understood. However a number of studies have 
been undertaken to try to elucidate some aspects of virulence 
and attenuation at the molecular level.
One study grew CEE Neudoerfl virus in the presence of 
envelope (E) protein specific neutralising MAbs (Holtzmann et 
al., 1990). Seven escape mutants were produced, one of which, 
B4, was found to have strongly reduced neuropathogenicity after
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peripheral inoculation into adult mice. However, the B4 mutant 
retained its capacity to replicate in mice and to induce a 
high titred antibody response. This mutant had an amino acid 
substitution from tyrosine to histidine at amino acid 384 in 
the E protein (Figure 8.3,). Infection with this attenuated 
mutant resulted in resistance to subsequent challenge by the 
virulent virus, CEE, strain Hypr virus.
There is evidence that sequences within antigenic domain B 
(Figure 1.2.) in the E protein may represent determinants of 
virulence and attenuation of flaviviruses in general (Heinz et 
al., 1990b). A clustering of non-conservative amino acid 
changes within sequences corresponding to antigenic domain B 
was reported for the YF virus vaccine strain 17D, as compared 
with the wild type virus strain Asibi (Hahn et al., 1987). 
Similar findings were made for attenuated strains of MVE 
(Lobigs et al., 1990) and Den-2 viruses (Hahn et al., 1988) 
when comparisons were made with their corresponding wild-type 
virus strains. It was hypothesised that the region of sequence 
in which these substitutions cluster forms part of a putative 
receptor binding site, the modification of which may lead to 
attenuation.
Unfortunately the region of sequence of I/3T TP21 and TP64 
viruses obtained during these studies did not include any of 
domain B of the E protein gene. It is therefore not possible 
to contribute to the information described.
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However, a study performed on the virulent YF virus strain 
Asibi (Rice et al., 1985) and an attenuated vaccine virus
strain, YF 17D-204 (Hahn et al., 1987), found six non­
conservative changes in the E protein at positions 52, 173, 
200, 320, 380 and 390. It was suggested that any one, or more, 
of these substitutions may have been involved in determining 
virulence. By reference to the amino acid sequence of IGT 
TP21/TP64 viruses available from this study, it was possible to 
study the amino acid substitution at position 52 in the 
attenuated LGT viruses. This was done to ascertain whether 
this position was implicated in attenuation in the IGT viruses. 
A conservative amino acid substitution was found in this 
position in IGT virus (Figure 9.2.). A comparison was then 
performed of the changes seen at this position (underlined) in 
YF Asibi, YF 17D-204, IGT TP21, LGT TP64, CEE Neudoerfl, RSSE 
Sofjin and U  viruses:
Asibi: VAIDGPAEYF 17D-204: VAIDRPAEIGT TP21 and TP64: lYQESPAQCEE Neudoerfl: lYQENPAKRSSE Sofjin: lYQENPAK
11: lYQEgPAK
This alignment shows the change between the virulent CEE 
Neudoerfl and RSSE Sofjin viruses and the attenuated LGT 
viruses, which results in a conservative amino acid 
substitution (i^ pendix 2) at this position. More importantly, 
the amino acid found in this position in LGT virus, serine, is 
also found in the virulent LI virus. It is thus unlikely that 
a change at this amino acid position is connected with
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virulence in viruses of the TBE complex. Clearly it is not 
possible to extrapolate a similar conclusion for YF virus.
Extensive studies with a number of different viruses have 
shown that virulence is multifactorial and depends on a variety 
of viral and host factors (for a review see Tyler and Fields, 
1990). The biological significance of the sequence differences 
between attenuated and virulent TBE complex viruses awaits the 
availability of an infectious clone to specifically test the 
relevance of the amino acid substitutions. The sequence 
obtained during this study will serve as a useful basis i^ )on 
which to further such investigations.
An analysis of the total number of different amino acid 
substitutions between LGT TP21 and TP64 viruses and CEE 
Neudoerfl, RSSE Sofjin and LI viruses were very much higher 
than has been seen for any other TBE virus sequenced to date. 
From a total of 260 amino acids sequenced, 51, 47 and 54 amino 
acids substitutions occurred in CEE Neudoerfl, RSSE Sofjin and 
LI viruses respectively. Clustal analysis showed that 11 of 
these substitutions were non-conservative.
The assumption was made that the conservative 
substitutions would make little difference to the structure of 
the final proteins (by nature of the definition). An 
examination of the non-conservative substitutions within the 
region of the genome sequenced revealed that a number of these 
were placed in functionally important regions. Two non-
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corfâervative substitutions occurred within the hydrophobic 
anchor region of the M protein. However, as has been discussed 
(section 9.5.), this is a region which is not highly conserved, 
its major requirement being hydrophobicity. The substitution 
of methionine, a hydrophobic amino acid, in this position is 
likely to effect minimal change.
The substitutions in the leader sequence of the E protein, 
however, are potentially more significant considering the role 
of this sequence in the initiation of the placement of the 
envelope protein in its trananembrane position (section 7.8.). 
Four non-conservative substitutions occur in this sequence, 
three of which maintain the same characteristics in their R 
groups and remain hydrophobic. However the fourth substitution 
at amino acid 274 involves the change from a cysteine to an 
alanine in LGT virus. This is a significant change in that 
cysteines are highly conserved in flaviviruses. They are most 
usually involved in the formation of cross links between side 
chains, producing the disulphide cystine, and producing the 
tertiary structure of the protein. The occurrence of this 
change, however, in a transmembrane position of the M protein, 
may lessen the impact of this change.
In addition, one of the non-conservative amino acid 
substitutions which occurs in the leader sequence also occurs 
in the cleavage site which leads to the proteolytic cleavage of 
the M and E proteins. The change at this cleavage site, 
PVYAiSRCT to PAYAI SRCT, consists of a substitution of alanine
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for the more usual valine. It is interesting to note that this 
same amino acid is found in the same cleavage sites of a number 
of other flaviviruses: JE, Kunjin, MVE, St. Louis encephalitis. 
West Nile and YF viruses (Chambers et al., 1990). Therefore 
this substitution is obviously permissible within this cleavage 
site and is recognisable by the signalase which effects the 
cleavage in the lumen of the host endoplasmic reticulum.
The highly conserved region in the E protein of all 
flaviviruses, amino acids 98-111, thought to be involved in 
acid catalysed fusion of membranes, was found to be conserved 
for the nine amino acids which were present in the cDNA 
fragment sequenced. This substantiates earlier research which 
has shown that this region is of fundamental importance to all 
flaviviruses and is highly conserved.
It has been suggested that the evolutionary relationship 
of LGT virus to other flaviviruses may be illustrated by amino 
acid homology of the prM, M and C proteins (Mandl at al.,
1988). (The prM protein, as referred to in this Chapter, is 
that part of the prM protein not contained in the M protein, 
i.e. amino acids 117 to 206) (section I.2.3.I.)). Different 
from other virus families (Johnson et al., 1987), these 
proteins are not as esqposed to the host's immune defence system 
and thus appear able to sustain more variability than the E 
protein. It is for this reason that these proteins are thought 
to provide a reasonable basis upon which to investigate the 
evolutionary relationships between flaviviruses.
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The percentage homologies of the M protein of LGT TP21 and 
TP64 virus and a number of other flaviviruses, CEE Neudoerfl
(61%), RSSE Sofjin (64%), II (60%), YF (27%) , JE (27%) and Den-
2 (30%) was performed using the Microgenie sequence analysis 
program. This program effects an optimal alignment and then 
scores matches and mismatches; gaps are counted as a mismatch. 
The homologies were performed using this system rather than 
Clustal program, as the latter program enploys an algorithm 
unsuitable for evolutionary based studies (J. McFadden, 
personal communication).
The study was based on the M protein gene, as this was the 
only corplete gene available. It is therefore important to 
acknowledge the limited basis upon which this study is based. 
The dendrogram of evolutionary relationships is given in Figure
9.3. This shows that LGT virus is more closely related to the
tick-bome viruses than to the mosquito-bome viruses. LGT
TP21 and TP64 viruses would appear to be most closely related 
evolutionarily to RSSE Sofjin virus with the relationship to 
CEE Neudoerfl and II viruses being a little more distant. LGT 
virus would appear to be most closely related to Den-2 virus, 
of those viruses compared from other complexes of the 
Flavivir idae.
If the same process of percentage homology comparison is 
repeated using the prM protein and the C protein (Mandl et al., 
1991b) small variations are seen in the relationships. Figure
9.4. shows flow diagrams depicting the closeness of
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relationships between IGT TP21 and TP64 and a number of 
flaviviruses, as calculated by the percentage homologies of 
their C, prM and M proteins. It is clear from this Figure that 
a similar evolutionary relationship amongst the TBE cotrplex 
viruses is suggested by homology coirparisons of the M and C 
proteins, and a different relationship by the prM comparison. 
The more distant relationships, to flaviviruses from other 
complexes, follow a different pattern for all the structural 
proteins. In addition the percentage homologies between these 
proteins varies widely. It is noteworthy that the homology of 
the M protein of LGT virus to other TBE complex viruses is very 
low, at 60-64%. This homology is lower than was found for the 
C protein (70-75%), the prM protein (85-88%) and the E protein 
(85-88%) (Mandl et al., 1991b), The C protein, not the M 
protein, is usually the most variable structural protein 
amongst viruses of the TBE coitplex.
Clearly it is possible only to derive an approximate idea 
of the evolutionary pathway for these viruses from such 
conflicting evidence. However during the next few years, it is 
likely that the nucleotide and amino acid sequences of many 
more flaviviruses will become available, hopefully leading to a 
considerable refinement in our understanding of the 
evolutionary relationships of the flaviviruses.
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CHAPTER 10.
General discussion.
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The viruses of the tick-bome encephalitis (TBE) complex 
of the Flavivir idae are responsible for significant human and 
animal disease worldwide (Figure 1.3.). Humans are, in fact, 
primarily dead-end hosts for the maintenance of these viruses 
in their natural cycles (WHO, 1985). Clinical disease is 
expressed as fever, encephalitis, or haemorrhagic fever and 
includes several entities of global concern, including TBE and 
Kyasanur Forest disease (KFD). Worldwide eradication of these 
pathogens is unlikely as they are maintained in animal 
reservoirs and can be transovarially transmitted in arthropods. 
Disturbance in vector-vertebrate equilibria are thought to have 
resulted in significant inter-regional spread of these viruses. 
For example, the emergence of TBE in sheep in Turkey, Bulgaria 
and the Basque region of Spain (discussed in Chapter 8) and of 
TBE in China (A.D.T. Barrett, personal communication). Thus 
far, effective vaccination is only available against the TBE 
subtype viruses.
In the early stages of these studies, although a number of 
investigations had been performed on the TBE complex of 
viruses, the part sequences of only two tick-bome viruses had 
been published. These were the part sequences of Central 
European subtype, strain Neudoerfl (CEE Neudoerfl) virus and 
Russian spring and summer subtype, strain Sofjin (RSSE Sofjin) 
virus, see Table 1.2. and Chapter 5. Clearly, in order to 
advance our imderstanding of this interesting complex, it was 
necessary to obtain, analyse and compare the nucleotide and
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amino acid sequences of a number of these viruses with other 
viruses of the Flaviviridae.
The aim of this thesis was to compare the structural 
protein genes of viruses of the TBE complex of the 
Flaviviridae. In the early stages of these studies, no 
published methodology existed for the reverse transcription 
(RT) and subsequent amplification of flaviviral RNA. The 
determination of the nucleotide sequence of flaviviral RNA was 
most usually effected by molecular cloning or primer extension 
sequencing ( section 3.2.).
It was decided that the use of the polymerase chain 
reaction (PCR) to amplify vRNA sequences from cDNA (a process 
known as RNA-PCR) rather than conventional cloning, for the 
examination of specific regions of similar viruses, would offer 
a number of advantages. These include faster isolation of the 
desired cDNA fragment and less expenditure in time and effort 
to identify, clone and sequence this region in one or more 
viruses.
The studies performed in Chapters 3 and 4 developed a 
reliable methodology for the reverse transcription (RT) and 
amplification, by PCR, of flaviviral RNA. A study of the 
components of RT and PCR allowed the development of a 
methodology in which RT was performed in optimal conditions (as 
described by the manufacturer of reverse transcriptase, see 
section 2.10.2.). The subsequent amplification was performed
322
in a reaction mix adjusted to take the components of the RT 
reaction into account (section 2.10.3.). The addition of a low 
level methyl mercury hydroxide dénaturation protocol (section 
4.4.1.) ensured the effective dénaturation of the vRNA and 
increased the success rate of this methodology. This 
methodology was utilised to produce amplified cDNA fragments 
which could be cloned and sequenced and which generated 
reliable sequence data.
In the early stages of these studies, the PCR was a 
relatively new procedure (section 1.8.). During the course of 
these studies the understanding of the PCR process has greatly 
increased and a large body of helpful information has 
accumulated. A number of useful refinements have become 
available which future researchers in this field will be able 
to exploit. For example a reduction in the synthesis of 
miispriming events arising from non-selective primer/template 
annealings at lower temperatures may be largely prevented by 
the deliberate exclusion of one component of the PCR reaction, 
the so called Hot-Start procedure (Erlich et al., 1991; 
D'Aquila et al., 1991). The missing component is added only 
after the reaction has been heated to 94°C. This procedure has 
already been incorporated into the methodology used in these 
studies.
Also potentially useful is the development of a 
thermostable reverse transcriptase, rTth reverse transcriptase 
(Perkin Elmer Cetus), which is able to perform RT at the higher
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temperature of 70°C. This will facilitate the continued 
dénaturation of vRNA secondary structure during transcription 
thus facilitating primer annealing and transcription of cDNA 
from regions containing persistent secondary structure. It 
will, of course, be necessary to redesign primers to ratify
their annealing temperatures to the higher operational
temperature (section 3.7.).
Mich of the data presented in this thesis has relied on
primers produced with reference to two TBE viruses only, CEE
Neudoerfl and RSSE Sofjin. Studies in Chapter 5 have shown 
that the efficiency of priming is increased ty a low rate of 
mismatches and by long uninterrupted stretches of annealed 
nucleotides within the primer/template region. During the 
course of these studies, the nunOoer of published sequences, or 
part sequences of TBE complex viruses has increased to five 
(section 5.2.). The studies for this thesis, in addition have 
added the nucleotide sequences of the envelope (E) protein gene 
and part of the meiribrane (M) protein gene of CEE Kumlinge 
virus, the major part of the E protein gene of the Turkish TBE 
(TIE) virus and part of the structural coding region of Langat 
virus strains TP21 (LGT TP21) and TP64 (LGT TP64). This 
sequence information will enable the more informed design of 
primers to be effected which in turn will enable the sequencing 
of many more vdiole E protein genes, or indeed vdiole structural 
protein coding regions, of viruses of the TBE complex and the 
Flaviviridae.
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Evidently, there are a number of particular areas of 
interest which it would be important to pursue in future 
studies of the nucleotide sequences of these viruses.
Clearly the molecular basis of virulence and attenuation 
is an issue of major importance. Epidemiological analyses of 
human flavivirus infections arxi laboratory studies, using 
animal models, have shown that different strains of the same 
flavivirus can have dramatically altered pathobiology despite 
relatively few nucleotide and amino acid changes. For example, 
the generation of the 17D vaccine phenotype from the virulent 
Asibi strain of yellow fever (YF) virus occurred following 
serial passage in mouse and chicken tissue (section 1.4.3.). 
Substrains have been produced with both increased 
neurovirulence and over-attenuation (Monath et al., 1983). The 
17D and Asibi virus strains differ by a total of 68 nucleotides 
from a total of 10862. This translates into 32 amino acid 
substitutions, 12 of which are found in the E protein (Hahn et 
al., 1987). The importance of these changes requires 
elucidation, a task most easily achieved utilising a cDNA 
infectious clone. Such clones are capable of producing full 
length, infectious vRNA transcripts.
A strategy was developed which was able to produce full 
length cDNA templates which could be transcribed in vitro to 
yield infectious vRNA transcripts of YF virus (Rice et al.,
1989). Furthermore an infectious clone of Dengue-4 virus has 
recently been developed (Lai et al., 1991). A number of other
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studies are ongoing towards the development of infectious 
clones of other flaviviruses. It should be possible, using a 
combination of molecular cloning and PCR, or possibly just PCR, 
to construct such a clone for one or more of the TBE viruses. 
Site-directed mutagenesis, an in vitro technique which involves 
the use of a synthetic oligonucleotide to introduce a 
predetermined nucleotide alteration into the gene to be 
mutated, could then be used to construct recombinant viruses 
with homologous or heterologous substitutions. This would 
allow structure and function analyses of viral proteins and RNA 
sequences important in attenuation, virulence, phenotype and 
vector competence. The construction of cDNA clones capable of 
producing infectious RNA transcripts should facilitate a 
directed molecular genetic approach for studying many of the 
still needed answers. Functional clones may also be used for 
expression of individual proteins for the development of in 
vitro enzymatic or RNA binding assays.
The LGT, Yelantsev and Skalica viruses, discussed in 
Chapter 8, are naturally attenuated viruses of the TBE complex. 
A comparison performed in sections 8.5. and 8.6. found the 
total number of amino acid substitutions between LGT TP21/TP64 
viruses and other viruses of the TBE complex, CEE Neudoerfl, 
RSSE Sofjin and LI viruses to be 51, 47 and 54 respectively. A 
subsequent Clustal analysis showed that only 11 of these 
substitutions were non-conservative substitutions, the rest 
being conservative. It would be possible, if laborious, using 
a cDNA infectious clone, to test each amino acid substitution
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by site directed mutagenesis. However, the information from 
the naturally attenuated viruses could be allied to information 
from monoclonal antibody neutralisation escape mutants to allow 
a more selective analysis to be performed. For example, it was 
noted in section 9.7. that a substitution at amino acid 384 in 
CEE Neudoerfl virus (Figure 8.3.) lead to an attenuated virus. 
It was postulated that amino acid 384 affects a structurally 
important element which is a major determinant of 
neurovirulence. Clearly a number of analyses of this type have 
been performed and such information could be pooled and 
exploited to elucidate the molecular basis of attenuation and 
virulence.
Once the molecular basis of attenuation for different 
viruses is understood it will become possible to recover 
attenuated viruses of the TBE complex, suitable for human 
vaccination, from attenuated clone cDNA. This has implications 
for the propagation and stabilisation of vaccine strains.
Additionally, it is important to start to elucidate the 
molecular basis of the different tissue tropisms of these 
viruses, in causing encephalitis or haemorrhagic fever. Such 
studies may once again utilise an available cDNA clone. 
However viruses of the TBE ccotplex causing haemorrhagic fever, 
Omsk haemorrhagic fever (1.7.4.) and Kyasanur Forest disease 
(section 1.7.5.) are Hazard Group 4 viruses which require 
absolute biological containment. The studies performed in 
Chapter 6 into the use of beta propriolactone (BPL) to
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inactivate the viruses found that almost double the error 
frequency rate of misincorporation of nucleotides occurred. 
The error rate obtained with BPL inactivation was 0.49% instead 
of the more noimal 0.25%.
However, such inactivation prior to RT and amplification 
remains a potentially extremely useful tool. The availability 
of such a procedure would reduce the requirement for biological 
containment to the initial stages only and allow further study 
of many of the existing dangerous pathogens, not only of this 
group of viruses, but also of many others. It would therefore 
be desirable to extend the initial experiments using a variety 
of flaviviral RNAs and a range of concentrations of BPL to 
confirm the results found. Furthermore it would be useful to 
try other chemical inactivants of viruses, such as 
formaldehyde, in an attenpt to assess alternative methods of 
inactivation and their effect on the
The studies performed on the nucleotide sequences obtained 
of CEE Kumlinge virus, TTE virus and LGT TP21 and TP64 viruses, 
yielded a variety of data. This was subjected to a number of 
analyses and investigations were performed into the 
relationships of these viruses to other viruses of the TBE 
complex and of the Flaviviridae.
As has been discussed in Chapter 3, CEE Kumlinge virus is 
a member of a group of CEE viruses which had been shown to be 
very closely antigenically related. The sequence of this virus
328
was found to differ from CEE Neudoerfl virus by a single amino 
acid in the E protein gene. These viruses had been isolated 12 
years apart and from very different geographical locations and 
yet these studies demonstrated that a high level of homology 
existed. Clearly, additional work needs to be performed to 
extend these studies to other CEE strains and to try to 
understand the nature of the strong pressures operating to 
prevent genetic divergence. It would be desirable to elucidate 
the complete sequence of CEE Kumlinge virus, with the aim of 
performing comparisons with the existent genomic sequence of 
CEE Neudoerfl virus in order to confirm (or deny) the existence 
of high homology throughout the genome. Furthermore, such 
studies may be helpful in initiating an understanding of vÆiich 
regions of the genome are involved in vector competence. It is 
probable that much of the observed genetic stability reflects 
the existent host adaptation and selection against alternative 
genotypes. An understanding of the nature and mechanisms of 
such genetic stability may considerably enhance our 
understanding of the evolution of RNA viruses and the factors 
influencing vector competence.
A comparison of the percentage homology of the amino acids 
of the E proteins of CEE Kumlinge virus to a large number (55) 
of other viruses, and virus strains of the Flaviviridae, was 
performed using the Microgenie sequence analysis program. This 
was analysed to produce the schematic representation shown in 
Figure 10.1.
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The amino acid sequence of the E protein gene of TTE virus was 
included in this comparison for completeness, taut it must tae 
taome in mind that the sequence data is incomplete and 
therefore the placement of this virus is tentative. The 
percentage homology of Powassan virus to the other viruses was 
also included (Mandl, unputalished data). Figure 10.1. shows 
the relatively close antigenic relationship vhich exists 
taetween memtaers of the tick-taome flaviviruses, with 75-99.8% 
homology existing within this complex. A much less close 
relationship exists taetween the tick-taome flaviviruses and the 
mosquito-taome flaviviruses with the percentage homology 
ranging from 40-43%. The sequenœ of the E protein gene of 
Powassan virus has the lowest percentage homology to the tick- 
taome flaviviruses and the closest relationship with the 
mosquito-taome flaviviruses. Powassan is most closely related 
to YF, St. Louis encephalitis (SLE) and West Nile (WN) viruses. 
It is therefore interesting to note, as discussed in section 
8.9., that Powassan, YF, WN and SLE viruses are flaviviruses 
vhich are known to tae transmitted taoth tay ticks and mosquitoes. 
This may provide a tentative indication of an evolutionary 
change effected within the E protein vhich has allowed a shift 
in host preference.
This comparison of amino acid sequence data of the tiok- 
tiome flaviviruses supports earlier analyses, performed tay 
antigenic and biochemical analyses, vhich have grouped these 
viruses into a Complex. Ultimately it is to tae hoped that a 
high resolution three dimensional structure of the flavivirus E
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protein and other proteins will be helpful in furthering our 
understanding of epitopes and the importance of any changes 
effected to them.
During the course of these studies, two primers emerged as 
having potential usefulness as probes. In particular primer 
YF7, discussed more fully in sections 5.4. and 5.5. was found 
to anneal to the vRNA/cDNA of all strains of TBE complex 
viruses tested and had additionally been found to bind to YF 
virus strains and WN virus, strain Sarawak. Additionally, a 
computer databank search showed homology only to the same 
target region of other flaviviruses. This is, therefore, a 
potentially very useful flavivirus group specific probe. This 
probe may prove useful not only diagnostically, but also in 
elucidating the relationships of other putative new members to 
the Flaviviridae. It should also be noted that the region to 
which this primer binds is highly conserved and is thus a 
potential target for targeted drug design. The other primer of 
interest, primer RSI, emerged as a putative TBE specific 
primer. If subsequent testing were able to confirm this 
finding, then primer RSI could be useful as an important new 
probe for the TBE viruses, with applications in diagnostics and 
research.
Molecular studies of the flaviviruses are presently an 
area of intense research. The past few years have seen the 
accumulation of structural information. Common, as well as 
distinct features, of the genome RNAs and proteins have begun
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to emerge. However, for nearly every step of the viral life 
cycle, there ranain significant questions to answer. 
Furthermore the genomes of a number of viruses of the TBE 
complex remain to be sequenced, particularly those causing the 
haemorrhagic fevers. The studies performed for this thesis 
have added to this body of knowledge and, it is hoped, may 
facilitate future studies in this area.
It is to be hoped that continued research in this field 
will eventually lead to the development of effective methods of 
controlling this widespread group of pathogens.
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APPENDIX 1.
Alignments of primer and viral templates of both the referencevirus (CEE Neudoerfl virus) and the relevant TBE virus.
- All primers compared in this section are shown in the same sense as the target template sequence for ease of comparison. Thus the actual position of the 3* end of the primer is in fact seen at the 5' end.
- No alignments are shown of vhere 100% homology exists between primer and both templates.
- No alignments of primer RP2 were possible due to a lack of information about vhere this primer actually primes on TBE virus template.
, irraiua - for all prmers: for 5' read 3'; for 3' read 5'.
CEE Kumlinge virus:
Primer which achieved successful annealing:
Primer YF7 3 ’-JTATITGGGAAAGGGAGCATr-5 ' G-C content; 40%CEE Kumlinge 5 '-ÜGUUÜGGAAAGGGUAGCAUU-3 ' (sense)CEE Neudoerfl 5 '-ÜGfUUüGGAAAGGGÜAGCAUU-3 ' (sense)
4/20 overall mismatches1/3 mismatches at the 3'OH end of primer6/20 longest section of annealed bases
LI virus:
Primers which achieved successful annealing:
Primer TICKl 3 '-GACCCATCCCTCAACrcrAG-5 ' G-C content: 554 LE 5'-AACCCMJCCUUCCACUCUCG-3' (anti-sense)CEE Neudoerfl 5 '-GACCCAUCCaJCAAOJCÜAG-3 ' (anti-sense)
4/20 overall mismatches1/3 mismatches at the 3'OH end of priiær8/20 longest section of annealed bases
Primer YF7 3 '-TATTrGGGAAAGGGAGGATr-5 ' G-C content:404 LI 5'-UGUUÜGGAAAGGGCAGCAUU-3' (sense)CEE Neudoerfl 5 ' -UGUUUGGAMGGGUAGCAUU-3 ' (sense)
4/20 overall mismatches1/3 mismatches at the 3'OH end of primer6/20 longest section of annealed bases
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Primers which did not achieve successful annealing:
Primer JEW3 3 ' -GTI(X3T]XX]G(3X3TGGA^  ' G-C content: 62%LI 5 ' -GÜCGGCUGUGCAGÜGGACACA-3 ' ( sense)CEE Neudoerfl 5 '-GUUGGÜÜGCGCÜGÜGGACAGG-3 » (sense)
5/21 overall mismatches1/3 mismatches at the 3'OH end of primer8/21 longest section of annealed bases
Primer RSI 3 '-GAGIGGGGGCIGATGŒTGTr-5 ' G-C content: 55%LI 5'-GGGUGGGAGOGGAUGUOGGC-3' (sense)CEE Neudoerfl 5 '-GAGÜGGGGG0GGAÜGUUGGÜ-3 ' (sense)
5/20 mismatches1/3 mismatches at the 3'OH end of primer 5/20 longest section of annealed bases
uncategorised primers:
Primer JEW7 3 '-CACAGIGGQ?IGCCCCAGCCIOGAT-5 ' G-C content:62411 5'-CACAGtJGAUUUCCCCAGCaJCGAU-3' (anti-sense)CEE Neudoerfl 5 '-CACAGÜGGÜÜGCCCCAGCCÜCGAU-3 ' (anti-sense)
2/24 mismatches0/3 mismatches at the 3'OH end of primer 13/24 longest section of annealed bases
Primer RS2 3 '-TGGITGGGCCrGAACATGAG-5 ' G-C content:55%LI 5'-UGGÜÜGGGACÜGAACACAAG-3' (sense)CEE Neudoerfl 5 '-UGGÜUGGGCCUGAACAUGAG-3 ' (sense)
3/20 mismatches0/3 mismatches at the 3'OH end of primer 8/20 longest section of annealed bases
Primer TPl 3 ' -GTAAACOGGIGOCAAA-5 ' G-C content: 50%LI 5'-GüAGACOGGGGCCAAA-3' (anti-sense)CEE Neudoerfl 5 '-GUAAACQGGUGCCAAA-3 ' (anti-sense)
2/16 mismatches0/3 mismatches at the 3'OH end of primer 6/16 longest section of annealed bases
LGT TP21 and TP64 viruses:
There is a single nucleotide difference between LGT TP21 and LGT TP64 viruses in the region important to these analyses. This nucleotide difference lies within the viral tenplate to vhich primer TPl anneals. Therefore the analyses of both I/3T viruses are performed together, except in the case of primer TPl vhere both viral templates are shown and analysed.
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Primers which achieved successful annealing:
Primer JEWS 3 '-ATAACAGCIGAGGGGAAGCC-S ' G-C content; 55%IGT 5 ' -GUCACGGCGGAUGGGAAGCC-3 ' (sense)CEE Neudoerfl 5 '-AUAACAGCUGAGGGGAAGCC-3 ' (sense)
5/20 mismatches2/3 mismatches at the 3'OH end of primer 8/20 longest section of annealed bases
Primer TICKl 3 '-GACCCATCCC]X3\ACTCTAG-5 ' G-C content:55%LGT 5 ' -CACCCAACOCUCAAOGOGGG-3 ' (anti-sense)*LGT 5 ' -GACCCAUCUCÜCÜCÜCÜACG-3 ' (anti-sense)CEE Neudoerfl 5 '-GACCCAUCCOJCAACUCÜAG-3 ' (anti-sense)
* The actual position on IGT virus template, for vhich this primer was designed, was not annealed to. Instead the primer always annealed to the position shown asterisked in both LGT TP21 and TP64. The appropriate matches and 3 ' homologies are shown for both tenplate positions below:
Target 5/20 mismatches
1/3 mismatches at the 3'OH end of primer 8/20 longest section of annealed bases
Misprime 8/20 mismatches0/3 mismatches at the 3'OH end of primer 8/20 longest section of annealed bases
Primer TPl 3 ' -GTAAACOGGTGCCAAA-5 ' G-C content: 50%LGT TP21 5 ' -GUAGGCCGGUACCAAU-3 ' (anti-sense)IGT TP64 5'-GUAGGCCGGUGCCAAU-3' (anti-sense)CEE Neudoerfl 5 '-GUAAACOGGUGCCAAA-3 ' (anti-sense)
IGT TP21:4/16 mismatches0/3 mismatches at the 3'OH end of primer 5/20 longest section of annealed bases
IGT TP64;3/16 mismatches0/3 mismatches at the 3'OH end of primer 10/20 longest section of annealed bases
Primer YF7 3 '-TATITGGGAAAGGGAGCATr-5 ' G-C content:40%IGT 5'-UAUÜUGGCAAAGGGAGCAUC-3' (sense)CEE Neudoerfl 5 ' -UGUUUGGAAAGGGUAGCAUU-3 ' (sense)
2/20 mismatches0/3 mismatches at the 3'OH end of primer 11/20 longest section of annealed bases
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Primers which did not achieve successful annealing:
Primer JEW4 3 '-GZ^CCAAGTACCACCTGAA-S' G-C content:47%IGT 5'-GAACÜAAGÜAUCAUCÜAAA-3' (sense)CEE Neudoerfl 5'-GAACCAAGÜACCACCÜGAA-3' (sense)
4/19 mismatches0/3 mismatches at the 3'OH end of primer 5/19 longest section of annealed bases
Uhcategorised primers:
Primer JEW2 3 '-CACZ^ TGCTGCCCITrCCAAA-5 ' G-C content: 48% IGT 5 ' -imOGAUGCUOCCUUUGCCAAA-3 ' (anti-sense)CEE Neudoerfl 5 '-CACAAUGCÜACCCUUUCCAAA-3 ' (anti-sense)
5/21 mismatches1/3 mismatches at the 3'OH end of primer 5/21 longest section of annealed bases
Primer JEW7 3 '-CAGAGTGGTIGCCOCAGCCrOGAT-5 ' G-C content:62^  IGT 5 ' -CACAAUGGUUACCCCAUCCCCUGU-3 ' (anti-sense)CEE Neudoerfl 5 '-CACAGUGGUUGCCCCAGCOJOGAU-3 • (anti-sense)
6/24 mismatches0/3 mismatches at the 3'OH end of primer 5/24 longest section of annealed bases
TTE virus:
Primers which achieved successful annealing:
Primer JEW4 3 '-GAACCAAGTACCACCIGAA-5 ' G-C content:47%TTE 5'-GAACUAAGUACCACCUGAA-3' (sense)CEE Neudoerfl 5 '-GAACCAAGUACCACCÜGAA-3 ' (sense)
1/19 mismatches0/3 mismatches at the 3'OH end of primer 14/19 longest section of annealed bases
Primer RS2 3 '-TGGTrGGGCCIGAACATGAG-5 ' G-C content: 554 TTE 5 ' -UGGCIGGGCCUCAACAUGAG-3 ' (sense)CEE Neudoerfl 5 '-IX3GUUGGGCCÜGAACAUGAG-3 ' (sense)
2/20 mismatches
0/3 mismatches at the 3'OH end of primer 8/20 longest section of annealed bases
Primer RS4 3 '-GATGTGAAOGTGGCCATG-5 ' G-C content:56% TTE 5 ' -GAOGUGAAOGUGGCCAUG-3 ' (sense)CEE Neudoerfl 5 '-GAUGUGAAOGUGGCCAUG-3 ' (sense)
1/18 mismatches1/3 mismatches at the 3'OH end of primer 15/18 longest section of annealed bases
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Primer YF7 TTECEE Neudoerfl
3'-TATTTGGGAAAGGGAGCATT-5' G-C content: 404 5'-UGÜU03GAAAAGGCAGCAUC-3' (sense) 5'-UGÜÜÜGGAAAGGGÜAGCAÜU-3' (sense)
4/20 mismatches1/3 mismatches at the 3'OH end of primer 5/20 longest section of annealed bases
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APPENDIX 2.
LOG ODDS MATRIX OF DAVHDFF. 1978
(Used in CLUSTAL computer program.)
The ta b le  Ind icates  the frequency w i t h  v\liIch var io us  
amino acids are replaced by each o ther .  Low va lues  
In d ic a te  u n l i k e l y  s u b s t i t u t i o n s .
c 20*
s 8 10
T 6 9 11
P 5 9 8 14
A 6 9 9 9 10
G S 9 8 7 9 13
N 4 9 8 7 8 8 10
D 3 8 8 7 8 9 10 12
E 3 8 8 7 8 8 9 11 12
0 3 7 7 8 8 7 9 10 10 12
H 5 7 7 8 7 8 10 9 9 11 14
R 4 8 7 8 6 5 8 7 7 9 10 14
K 3 8 8 7 7 6 9 8 8 9 8 11 13
M 3 6 7 6 7 5 6 5 8 7 6 8 8 14
1 6 7 8 6 7 5 6 6 8 8 6 8 8 10 13
L 2 5 6 5 6 4 5 4 5 6 8 5 5 12 10 14
V 6 7 8 7 8 7 6 8 8 8 8 8 8 10 12 10 12
F 4 5 5 3 4 3 4 2 3 3 8 4 3 8 9 10 7 17*
Y 8 5 5 3 5 3 6 4 4 4 8 4 4 8 7 7 8 15 18*
W 0 6 3 2 2 1 4 1 1 3 5 10 5 4 3 8 2 8 8 25 *
C S T P A G N D E Q H R K M 1 L V F Y VV
Match Score
Two d i f f e r e n t  residues w i t h  a value less than the c u t - o f f  0
Two d i f f e r e n t  residues w i t h  a value equal to or
greater  than the c u t - o f f .  1
Two id en t ica l  residues (except C, F, Y or W ) . * 2
Two I dent ical  C, F, Y or W (marked * in the t a b l e ) . 3
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APPENDIX 3.
S T R U C T U R E  O F  / W I IIMQ A C I D S .
Nonpolar (hydrophobic)  R groups:
C O O H C O O H1 C O O H1 C O O H1I
—  C  —  H
I
H o N  —  C —  H
^  1
1
H g N — C — H
1
H g N — C  — H
1
C H 3
1
H  —  C —  C H 3
1
C H j
i
C H 2
C H o
1
1
H  —  C  —  C H 3
1
C H 2
1 -
C H 3 C H 3
1
S
1
C H 3
AI an i ne Iso leucine Leucine Meth io n in e
C O O H C O O H C O O H C O O HIHgN — C —  H 
CHo
HN — C — H HgN — C —  H HoN — C— H
H2(^ \ /CH2 C H rCHr
Phenyla lan ine  Pro l ine
N H
Tryptophan
H — C —  CHr
CHr
Va I I ne
P o l a r ,  uncharged R groups:
COCH
HnN —  C —  H
ICHo
Ic==o
NH2
H2N
COOH
I
C— H
ICH2
SH
H2N.
Asparagine Cysteine
COCH
I' C—  H
ICHo
ICH2 
C =  0
INH2 
Glutamine
COOH
H2N ——  C -—  H
Gl yc i ne
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COOHt COOH11H2N —  C — — H 1HoN —  C —  H11H — C — OH1
1H — C — OH11H 1CH3
Ser i ne Threon i ne
P o s i t i v e l y  charged R groups
COOH1 COOH11H2N —  C—  H 1H2N —  C —  H
1CHo
1
1CHo
1
CHo1 C=*CH1CH2
iIh
1 1
H1
C =  NH2^
NH2
Arg i n i ne H is t  id ine
N e g a t iv e ly  charged R groups
COOH1 COOH11HgN — C — H1
1HoN —  C —  H11
CHg
1CHo
1
C = * 0i CH21O' 1c = o11O'
COOH
HgN — C —  H
Tyros : ne
HgN
COOH
IC—  H
ÎCHoICHoICHo
CH.
ISHr
Lys i ne
A s p a r t ic  acid  Glutamic acid
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